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Remarks 

Claims 18 and 26 are pending. Support for the amendment to claim 18 can be found in 
canceled claim 25. 

In the Office Action dated March 10, 2005, the Examiner states that claims 18 and 25-26 
are rejected under 35 U.S.C. 1 12, first paragraph, as failing to comply with the written 
description requirement. The Examiner objects to the phrase '^wherein the subject is not a rat." 
The applicant respectfully traverses this rejection. However, in an effort to forward prosecution, 
applicant has removed this phrase from the claim. Therefore, Applicant respectfully requests 
withdrawal of this rejection. 

The Examiner has rejected claims 18 and 25-26 under 35 U.S.C. 103(a) as being 
unpatentable over Luo et al. in view of Zhang et al. The applicant respectfully traverse this 
rejection, and offer the following arguments in response. 

The Luo publication demonstrates that galanin inhibits spinal cord electrical hyper- 
excitability for 60 minutes following nerve section (see Figure 3), at which point the animals 
were sacrificed. Galanin was administered 30 minutes before the nerve injury as a single bolus 
injection of 2.4nM (low dose) directly into the space surrounding the bottom part of the spinal 
cord (intrathecal (IT) administration into the lumbar enlargement, see page 163, paragraph 
headed "Effect of galanin 11 and Figure 3 of Luo et al). That is, the galanin is delivered into the 
cerebrospinal fluid (CSF). The Luo publication deals exclusively with neuropathic pain and 
spinal cord excitability, not with peripheral nerve regeneration as claimed in the patent 

application. In fact, there is no evidence of any nerve regeneration in the method and publication 
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of Luo et al. The mechanism by which the galanin rapidly alters pain activity is most likely by 
direct modulation of spinal cord neuronal firing rather than at the level of the dorsal root 
ganglion (DRG). 

When damage or injury to sensory or motor nerves (in Luo et al. in the sciatic nerve) 
occurs, this triggers a cascade of molecular events within the cell bodies of that nerve, the DRG, 
which in turn attempts to repair the damage and restore the normal function of the nerve, so- 
called nerve regeneration. The Protein Kinase C (PKC) and MAP Kinase (MAPK) intra-cellular 
signalling cascades have both been shown to up-regulate after nerve injury and are essential for 
nerve regeneration (Klinz & Heumann (1995) J. Neurochem. 65:1046-53; Kiryu et al. (1995) 
Brain Res. Mol. Brain Res. 29:147-56; attached). At the 1996 priority date of the current patent 
application, no published literature existed to indicate that galanin speeded up nerve 
regeneration, nor that it activated PKC or MAPK. 

It is the Examiner's contention that, in the 90 minutes following the intrathecal 

administration of galanin into the lumbar enlargement and before the animal was sacrificed, that 

". . .the preliminary beginnings of regeneration. . ." could have begun and that this is encompassed 

by claim 18 (page 4 of Office Action, last sentence). The scientific facts do not support this 

contention. For regeneration to have occurred in the animals used in the experiments of Luo et al. 

during the 90 minute period before the animals were sacrificed, the galanin would have had to 

gain access to the cell bodies in the DRG, since this is where the intra-cellular pro-regenerative 

machinery resides (Terenghi (1994) J. Anatomy (Pt I) 1-14; attached). The only way that 

galanin, when applied to the space surrounding the bottom part of the spinal cord, could have 
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reached the cell bodies of the sensory neurons in the DRG which is where . .the preliminary 
beginnings of regeneration. . ." would have occurred, is by direct uptake of the galanin by the 
nerve terminals in the dorsal horn of the spinal cord. It should be noted that the cell bodies of the 
sensory neurons of the DRG lie outside the central nervous system (CNS), whilst the spinal cord 
is part of the CNS. The cerebrospinal fluid (CSF) that bathes the spinal cord is not in contact 
with the DRG and thus galanin could not have reached the DRG by passive diffusion. 

There are well documented and active transport mechanisms in sensory neurons that 
move proteins from the nerve terminals of the spinal cord or the ends of the peripheral axons of 
the sciatic nerve to the cell bodies in the DRG, termed retrograde transport. A number of these 
retrograde transport mechanisms for Nerve Growth Factor (NGF) and Horseradish Peroxidase 
(HRP) have been extensively studied and characterized. There is good agreement between these 
published papers that the rate at which these retrograde transport processes move proteins from 
the rat dorsal horn of the spinal cord to the cell body in the DRG is a maximum rate of 7.5 
mm/hour (range 2.5 - 7.5 mm/hr, Yip and Johnson, Jr. (1986) J. Neurocytol. 15:789-98; 
Richardson and Riopelle. (1984) J. Neurosci. 4:1683-9; attached). 

The applicant has measured the length of the nerve root (i.e. the part of the nerve that 

connects the cell bodies of the DRG to the dorsal horn of the spinal cord) from a total of 21 nerve 

roots which were harvested from the lumbar region of 5 female Sprague-Dawley rats weighing 

200-250g (as used in the experiments of Luo et al.). The length of the nerve root was then 

measured using a calibrated graticule and a dissecting microscope and the mean length was 

found to be 18.5±0.9 mm (see Declaration from Professor Wynick, attached). This figure is in 
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good agreement with the findings of Michael et al. (Michael et al. (1997) J. Neurosci. 17:8476- 
8490; attached) who found the nerve root of adult male Wistar rats (200-400g body weight) to be 
17 mm in length. Similarly, Baba et al. (Baba et al. (1999) J. Neurosci. 2:859-867; attached) 
found the dorsal root to be between 18-20 mm in length in adult male Sprague-Dawley rats 
weighing 300-350g. 

Based on the above findings, assuming the maximum rate of retrograde transport of 
galanin from the dorsal horn of the spinal cord to the DRG is 7.5 mm/hr and the length of the 
nerve root between the dorsal horn of the spinal cord and the DRG is at least 17mm in length 
(Declaration, attached), then the galanin would only have been transported 1 1.25 mm in the 90 
minutes after galanin was administered before the animals were sacrificed (i.e. about two thirds 
of the way to the DRG). Galanin could not, therefore, have even begun to affect regeneration in 
the DRG cell bodies by the time the experiment was terminated. 

It should also be noted that the concentration of galanin would have immediately and 
rapidly begun to fall after the administration of the bolus injection of 2.4nM galanin into the 
lumbar enlargement of the spinal cord. This would have occurred within seconds, as the galanin 
would immediately be diluted by the CSF and almost immediately would also have started to be 
degraded by proteolytic enzymes in the CSF (Bedecs et al. (1995) Neuropeptides 29:137-43; 
attached). Therefore, even in the highly unlikely event that a small proportion of the galanin that 
was administered by bolus-dose to the spinal cord did reach the DRG by retrograde transport, the 
final dose would be substantially lower (in the sub-nanomolar range) than that originally 
administered IT (page 163 and Figure 3 of Luo et al.). In contrast, the dose of galanin 
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demonstrated to stimulate nerve outgrowth from sensory neurons by direct application in cell 
culture to the DRG cell body is lOOnM galanin (Mahoney et al. (2003) J. Neurosci. 23:416-421; 
attached). In light of this, the concentration of galanin that would have reached the DRG would 
have been at least 100-fold lower than that necessary to stimulate regeneration, again making it 
nearly impossible that galanin could have even begun to affect regeneration in the DRG cell 
bodies by the time the experiment was terminated. 

For these reasons, one of ordinary skill in the art would have no incentive, on reading the 
Luo publication, to imagine that galanin-induced nerve regeneration of the severed sciatic nerve 
would have begun during the time period utilized in the experiments of Luo et al. In addition, in 
light of the Luo et al. disclosure and on reading the disclosure in Zhang et al. that galanin may be 
suitable for use as an analgesic in humans, one of ordinary skill in the art would have no 
motivation to administer a galanin agonist in a method for the treatment of peripheral nerve 
damage, wherein the peripheral nerve damage is treated by nerve regeneration, as claimed in 
claim 18 as amended. 

The applicant therefore requests removal of this basis for rejection and allowance of 
claims 18 and 26 to issue. 

Pursuant to the above amendments and remarks, consideration and allowance of the 
pending application is believed warranted. The Examiner is invited and encouraged to directly 
contact the undersigned if such contact may enhance the efficient prosecution of this application 
to issue. 
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Credit Card Payment Form PTO-2038 authorizing payment in the amount of $395.00 
(Filing Fee)is enclosed. This amount is believed to be correct; however, the Commissioner is 
hereby authorized to charge any additional fees which may be required, or credit any 
overpayment to Deposit Account No. 14-0629. 

Respectfully submitted, 
NEEDLE & ROSENBERG, P.C. 
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(404) 688-0770 
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The Second Galanin Receptor GalR2 Plays a Key Role in 
Neurite Outgrowth from Adult Sensory Neurons 

Sally- Ann Mahoney, 1 Richard Hosking, 1 Sarah Farrant, 1 Fiona E. Holmes, 1 Arie S. Jacoby, 2 John Shine, 2 
Tiina P. Ksmaa, 2 Malcolm K. Scott, 3 Ralf Schmidt, 4 and David Wynick 1 

1 University Research.Centre for Neuroendocrinology, Bristol University, Bristol BS2 8HW, United Kingdom, 2 The Garvan Institute of Medical Research, 
Sydney, NSW 2010, Australia, 3 Johnson & Johnson Pharmaceutical Research Institute, Spring House, Pennsylvania 19477-0776, and 4 AstraZeneca R8d) 
Montreal, Montreal, Quebec H4S 129, Canada - 



Expression of the neuropeptide galanin is markedly upregulated within the adult dorsal root ganglion (DRG) after peripheral nerve 
injury. We demonstrated previously that the rate of peripheral nerve regeneration is reduced in galanin knock-out mice, with similar 
deficits observed in neurite outgrowth from cultured mutant DRG neurons. Here, we show that the addition of galanin peptide signifi- 
cantly enhanced neurite outgrowth from wild-type sensory neurons and fully rescued the observed deficits in mutant cultures. Further- 
more, neurite outgrowth in wild-type cultures was reduced to levels observed in the mutants by the addition of the galanin antagonist M35 
[galanin (1-1 3)bradykinin(2-9) ] . Study of the first galanin receptor (GalRl ) knock-out animals demonstrated no differences in neurite 
outgrowth compared with wild-type animals. Similarly, use of a GalRl -specific antagonist had no effect on neuritogenesis. In contrast, 
use of a GalR2-specific agonist had equipotent effects on neuritogenesis to galanin peptide, and inhibition of PKC reduced neurite 
outgrowth from wild-type sensory neurons to that observed in galanin knock-out cultures. These results demonstrate that adult sensory 
neurons are dependent, in part, on galanin for neurite extension and that this crucial physiological process is mediated by activation of 
the GalR2 receptor in a PKC-dependent manner. 

Key words: galanin; GalR2; dorsal root ganglion; neuritogenesis; nerve injury; protein kinase C 



Introduction 

To date, the mechanisms and factors that regulate the regenera- 
tion of sensory neurons in the adult after peripheral nerve injury 
remain poorly understood. Damage to a peripheral nerve causes 
major changes within the cell bodies of the sensory neurons {dor- 
sal root ganglion (DRG)], which are thought to promote regen- 
eration by stimulating neurite outgrowth and enhancing survival 
of the damaged neuron. Furthermore, injury alters the retrograde 
flow of target-derived factors to the DRG. Examples of such phe- 
nomena include (1) the 120-fold upregulation in the levels of the 
neuropeptide galanin in the DRG after injury (Hokfelt et al., 
1987) and (2) the marked increase in expression of the cytokines 
leukemia inhibitory factor (LIF) (Banner and Patterson, 1994; 
Dowsing et al., 1999) and interleukin 6 (IL-6) (Murphy et al., 
1995) within Schwann cells at the site of injury and their retro- 
grade transport to the DRG (Curtis et al., 1994). IL-6 and LIF 
have both been shown to promote axonal regeneration in the 
adult (Cheema et al., 1994; Hirota et al., 1996; Tham et al., 1997; 
Cafferty et al., 2001), and IL-6 knock-out mice have deficits in 
peripheral nerve regeneration after a crush injury to the sciatic 
nerve (Zhong et al., 1999). Recent data would indicate that LIF 
and IL-6 (acting through the gp 1 30 coreceptor) may play a role in 
both injury-induced regeneration and rmrumizing pathological 
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nociceptive responses by positively regulating the expression of 
galanin in the DRG (Corness et al., 1996; Thompson et al., 1998). 

In the adult, galanin is expressed at low levels in <5% of DRG 
cells, which are predominantly the small peptidergic C-fiber neu- 
rons (Hokfelt et al., 1987). After nerve injury, there is a rapid and 
robust upregulation of both galanin mRNA and peptide, and 
expression of the peptide is now observed in 40-50% of all DRG 
neurons (Villar et al., 1989; Hokfelt et al., 1994). Studies indicate 
that galanin reduces transmission of sensory information in the 
spinal cord after nerve injury (Wiesenfeld-Hallin et al., 1989, 
1992; Verge et al, 1993). In addition, rising levels of galanin in 
sensory neurons may also contribute to the initiation and main- 
tenance of axonal regeneration in the injured neurons, leading to 
functional recovery and restoration of function while minimizing 
pathological nociceptive responses. 

We showed previously that cultured DRG cells from animals 
homozygous for a targeted mutation in the galanin gene have a 
35% reduction in the length of neurites and number of cells that 
extend neurites (Holmes et al., 2000). In this study, we used a 
combination of pharmacological and genetic tools to further elu- 
cidate the mechanisms by which galanin regulates neuritogenesis. 
Here, we show that galanin plays a neuritogenic role in adult 
sensory neurons and rescues the deficits in neurite outgrowth 
seen in mutant cultures. Furthermore, we demonstrate that its 
actions are mediated by the second galanin receptor (GalR2) in a 
PKC-dependent manner. 

Materials and Methods 

Animals 

Galanin knock-out mice. Experiments were performed on 8-week-old 
female mice homozygous for a targeted mutation in the galanin gene. 
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Age-matched wild-type litter/mates were used as controls in all experi- 
ments. Details of the strain and breeding history have been published 
previously (Wynick et al., 1998; Kerr et al., 2000). In brief, galanin knock- 
out mice were generated using the El 4 cell line. A PGK-Neo cassette in 
reverse orientation was used to replace exons 1-5, and the mutation was 
bred to homozygosity and has remained inbred on the 129olaHsd strain. 
All animals were fed standard chow and water ad libitum. Animal care 
and procedures were performed within United Kingdom Home Office 
protocols and guidelines. 

GalRl knock-out mice. Experiments were performed on 8-week-old 
female mice that carry an insertional inactivating mutation within the 
first exon of the gene encoding the murine GalRl. Age-matched wild- 
type littermates were used as controls. In brief, GalRl knock-out mice 
were generated using the W9.5 cell line and have remained inbred on the 
129T2/SvEmsJ strain (Jacoby et al., 2002). All animals were fed standard 
chow and water ad libitum. Animal care and procedures were performed 
according to the Code of Practice of the Australian National Health and 
Medical Research Council. 

DRG culture 

Cultures were performed as described previously (Holmes et aL, 2000), 
In brief, animals were killed by cervical dislocation, and DRGs from the 
lumbar, thoracic, and cervical regions were removed aseptically, 
trimmed of connective tissue and nerve roots, and pooled in DMEM-F12 
medium. Ganglia were subjected to 0.25% collagenase P for 1 hr at 37°C, 
washed in PBS, and treated enzymatically with trypsin-EDTA for 10 min 
at 37°C. Ganglia were washed in medium containing trypsin inhibitor 
and then mechanically dissociated by trituration using a flame-narrowed 
Pasteur pipette. After centrifugation, cells were resuspended in DMEM- 
F12 medium supplemented with 5% horse serum, 1 mM glutamine, and 
10 ng/ml gentamycin. To enhance the cultures for neurons and eliminate 
much of the cellular debris, cells were plated on six-well plates coated 
with 0.5 mg/ml polyornithine and maintained overnight at 37 9 C in a 
humidified incubator with 95% air-5% C0 2 (Patrone et al., 1999), Me- 
dium was removed and discarded. The neurons were removed from the 
surface by squirting with a jet of fresh medium. After centrifugation, cells 
were plated on 24- well plates treated with 0,5 mg/ml polyornithine and 5 
pig/ml laminin and maintained for 8 hr at 3 7°C in a humidified incubator 
with 95% air-5% C0 2 . 

Treatments 

Cells were cultured in DMEM-F12-supplemented medium as described 
above with or without the addition of the following chemicals: 1 nM 
M35 [galanin(l-13)bradykinin(2-9)] (Bachem UK, Essex, UK), 100 nM 
galanin peptide (Bachem UK), 10 fiM bisindolylmaleimide I (BIM) (Calbio- 
chem,La!olla,CA), 10 nM RWJ-57408 [23-dihydro-2-(4-mefhyl-phenyl)- 
l,4-dithiepine-l,l,4,4-tetroxide] (Johnson & Johnson, Spring House, PA), 
and 100 nM AR-M961 ([Sar(l), D-Ala l2 ]Gal(l-16)-NH 2 ) or AR-M1896 
[Gal(2-1 1 )Trp-Thr-Leu-Asn-Ser-Ala-Gly-Tyr-Leu-Leu-NH 2 ] (AstraZen- 
eca, Montreal, Quebec, Canada). 

Data analysis 

Cultures were washed with PBS and fixed with 4% paraformaldehyde for 
20 min at room temperature. Cells were visualized by phase-contrast 
microscopy. The percentage of cells bearing neurites and neurite length 
were both measured using NIH Image (Scion, Frederick, MD). Data are 
presented as mean ± SEM. 

Results 

Galanin signaling mediates neurite outgrowth 

The addition of 100 nM galanin to wild-type adult DRG cells 
significantly increased the length of neurites (Fig. IB), whereas 
the percentage of cells producing neurites was unchanged (Fig. 
I A), suggesting that the number of cells capable of extending 
neurites was already at maximum under these culture conditions. 
Addition of 100 nM galanin peptide to mutant cultures fully res- 
cued the deficits in the percentage of cells producing neurites and 
restored neurite length to wild-type levels. 

We substantiated this putative neuritogenic role in the adult 
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Figure 1. The percentage of cells bearing neurites [A) and length of neurite outgrowth (fi) 
from dissociated DRG cultures isolated from wild-type and galanin knock-out animals in the 
presenceand absence of 100 nM galanin peptide 8 hr after plating. Addition of 100 nMgatanin to 
wild-type cultures significantly increased neurite length, whereas there was no significant dif- 
ference in the percentage of cells producing neurites. However, addition of 100 nu galanin to 
galanin knock-out cultures significantly increased both the percentage of cells producing neu- 
rites and the length of neurites. Data are presented as percentage of cells bearing neurites or 
mean ± SEM length [t test; **p < 0.01; ***p < 0.001; a = 5). 



further by using the potent galanin antagonist M35 (Bartfai et al., 
1992), which acts at all known galanin receptor subtypes 
(Wiesenfeld-Hallin et al., 1993). The addition of 1 nM M35 to 
wild-type cultures produced a significant 35% reduction in both 
the percentage of cells bearing neurites (Fig. 2 A) and neurite 
length (Fig. IB) to levels observed in mutant cultures. No effect 
was seen on either parameter in mutant cultures. This dose of 
M35 has been shown previously to have purely antagonistic ef- 
fects (Wiesenfeld-Hallin et al., 1992; Ogren et al., 1993). 

The neuritogenic role of galanin is not mediated by GalRl 

To determine whether the GalRl receptor subtype is important 
in mediating the neuritogenic effects of galanin, we first used the 
small-molecule, nonpeptide GalRl -specific antagonist RWJ- 
57408 (Scott et al, 2000). The addition of 10 nM RWJ-57408 had 
no effect on the percentage of cells bearing neurites in either 
wild- type or mutant cultures (Fig. 3A). Similar results were seen 
with the addition of 1 nM RWJ-57408 (data not shown). 

To study the role of GalRl in mediating neuritogenesis fur- 
ther, we studied neurite outgrowth in GalRl knock-out mouse 
dissociated DRG cultures (Jacoby et al., 2002). No differences 
were observed in the percentage of GalRl mutant cells bearing 
neurites compared with those from wild-type controls (Fig. 3J3). 
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Figure 2. The percentage of cells bearing neurftes ( A) and length of neurite outgrowth ( B) 
from dissociated ORG cultures isolated from wild-type and galanin knock-out animals in the 
presence and absence of 1 nM M35 8 hr after plating. In both cases, significant deficits were 
noted in the wild-type cultures, whereas no effect was seen in the knock-out cultures. Data are 
presented as percentage of cells bearing neurites or mean ± SEM length (t test; **p < 0.01; 
***p<0.001;/> = 5). 

Furthermore, there was no significant difference in neurite length 
between cells from wild-type controls ( 140.8 ± 9 /xm) and GalRl 
mutant cells (161.6 ± 8 /xm). 

The neuritogenic role of galanin is mediated by GalR2 in a 
PKC-dependent manner 

We next, studied whether GalR2 might be responsible for trans- 
ducing the neuritogenic actions of galanin by using the newly 
described peptide analog AR-M1896, a selective GalR2 agonist 
(Liu et al., 2001). In addition, we studied the actions of AR-M9<51, 
which has been shown to have agonistic actions at both GalRl 
and GalR2 subtypes (Liu et al., 2001). The addition of 100 nM 
AR-M1896 or AR-M961 fully rescued the deficits in percentage 
outgrowth seen in the mutant cultures to wild-type levels (Fig. 
4 A) and appeared to be equipotent to galanin (Fig. 1A). Simi- 
larly, the addition of either AR-M961 or AR-M1896 to wild-type 
cultures increased both the percentage of cells bearing neurites 
and neurite length to the same extent as that observed with gala- 
nin peptide (Fig. 4A,B). 

To investigate whether the neuritogenic role of galanin was 
PKC dependent, we used the PKC-specific inhibitor bisindolyl- 
maleimide I (GF109203X) (Rivera-Bermudez et aL, 2002). Addi- 
tion of 10 fJM BIM to wild-type cultures significantly reduced the 
percentage of cells bearing neurites to the levels observed in ga- 
lanin knock-out cultures; similar results were seen using 1 jxm 
BIM (data not shown). Furthermore, 10 fiu BIM completely 
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Figure 3. A, The percentage of cells bearing neurites from dissociated DRG cultures isolated 
from wild-type and galanin knock-outanimals in the presence and absence o£10 nM RWJ-57408 
8 hr after plating. B, The percentage of cells bearing neurites from dissociated DRG cultures 
isolated from wild-type and GalRl knock-out animals 8 hr after plating. Data are presented as 
percentage of cells bearing neurites ± SEM (fl = 5). 

abolished the stimulatory neuritogenic actions of 100 nM AR- 
M1896 on both wild-type and mutant cultures (Fig. 4C). 

Discussion 

Damage to a peripheral nerve induces major and long-lasting 
changes in the expression of many secreted ligands and their 
receptors within the sensory neurons of the DRG. One of the 
most striking changes that occurs is the 120-fold increase in the 
expression of the neuropeptide galanin. We showed recently that 
galanin plays an important role in the survival of a subset of DRG 
neurons (Holmes et aL, 2000), with a 2.8- and 2.6-fold increase in 
the number.of apoptotic cells in the DRG of galanin knock-out 
mice at postnatal day 3 (P3) and P4, respectively, compared with 
wild-type controls. This wave of apoptosis at P3 is associated with 
a 13% decrease in total cell number within the DRG (Holmes et 
al., 2000). The role of galanin in cell survival is further substantia 
ated by the finding that galanin is essential for the developmental 
survival of one-third of the cholinergic neurons of the basal fore- 
brain (O'Meara et al., 2000). 

The role played by galanin in the survival of this subset of DRG 
neurons seems to be preferentially biased toward the small pep- 
tidergic neurons, which are most likely to be nociceptors 
(Holmes et al., 2000). The loss of these small unmyelinated neu- 
rons may provide an explanation for the finding that galanin 
knock-out animals demonstrate a decrease in chronic neuro- 
pathic pain behavior after nerve injury (Kerr et al., 2000). Many 
of the animal models of peripheral nerve injury that induce neu- 
ropathic pain behavior are also associated with an upregulation 
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Figure 4. A, The percentage of cells bearing neurites from dissociated ORG cultures isolated 
from wild-type and galanin knock-out animals in the presence and absence of 1 00 m AR-M961 
or AR-M1896 8 hr after plating. The addition of either AR-M961 or AR-M1 896 rescued the 
deficits in percentages of cells producing neurites seen in galanin knock-out cultures to near 
wild-type levels. Addition of AR-M1896 to wild-type cultures significantly increased the per- 
centage of cells bearing neurites compared with controls. Although addition of AR-M961 in- 
creased the percentage, this was not significant B, The length of neurite outgrowth from 
dissociated DRG cultures isolated from wild-type animals in the presence and absence of 100 nM 
AR-M961 orAR-MI 8968 hrafter plating. Addition of either AR-M961 or AR-M1896 significantly 
increased neurite length. C, The percentage of cells bearing neurites from dissociated DRG 
cultures isolated from wild-type and galanin knock-out animals in the presence and absence of 
10 /jlmBIM or 10 fJM BIM plus AR-M1896. Significant deficits are seen in the number of cells 
producing neurites in wild-type cultures in the presence of 1 0 /xm BIM, which was not rescued 
by the addition of 1 00 nM AR-M1 896. Addition of 10 (jm BIM had no effect on mutant cultures. 
Data are presented as percentage of cells bearing neurites or mean ± SEM length (f test; *p < 
0.05;***p<0.001;n = 5). 

in galanin within the DRG neurons (Hokfelt et al., 1987; Villar et 
al., 1989; Nahin et al., 1994; Ma and Bisby, 1997). Furthermore, 
there appears to be a direct correlation between the extent and 
duration of pain behavior and the level of galanin upregulation 
(Ma and Bisby, 1997; Murphy et al., 1999). 

The data presented here using galanin peptide or the potent 
galanin antagonist M35, which acts at all known galanin receptor 
subtypes (Wiesenfeld-Hallin et al., 1993), demonstrates that ga- 
lanin is acting as a neuritogenic factor in the adult. Approxi- 



mately one-third of neurite outgrowth in DRG cultures is depen- 
dent on the tonic release of galanin, implying that the 
developmental trophic-survival role is recapitulated in the adult 
after injury. At present, it is not possible to state whether there is 
a definite relationship between the early postnatal loss of a subset 
of small peptidergic neurons in the galanin knock-out animals 
and the reduced rate of neurite outgrowth in dispersed DRG 
cultures isolated from adult galanin knock-out animals. How- 
ever, the finding that the deficits in neurite outgrowth that we 
identified in the adult galanin knock-outs are fully rescued by the 
addition of exogenous galanin would imply that the effects in the 
adult are independent of the developmental loss. 

To date, three G-protein-coupled galanin receptor subtypes 
have been identified. GalRl is expressed in the large-diameter 
neurons of the DRG, and GalR2 is expressed predominantly by 
the small- and medium-sized neurons. Only 5% of DRG neurons 
appear to express both receptor subtypes (Sten Shi et al., 1997). 
There have been contradictory reports as to whether GalR3 is 
expressed at all within the DRG. Studies using solution hybfid- 
ization-RNase protection assays suggested that GalR3 is ex- 
pressed at very low levels (Waters and Krause, 2000). However, 
other studies, again using solution hybridization-RNase protec- 
tion assay (Smith et al., 1998), show no GalR3 present within the 
DRG; furthermore, no GalR3 has been detected in the DRG using 
riboprobe in situ hybridization (Mennicken et al., 2001). It is 
therefore unlikely that GalR3 plays a major role in neuritogenesis 
in the DRG. 

Here, we demonstrate that addition of the small-molecule, 
nonpeptide GalRl -specific antagonist RWJ-57408 had no effect 
on neurite outgrowth in either wild-type or mutant cultures, sug- 
gesting that the role of galanin in neuritogenesis is not mediated 
via the GalRl receptor subtype. This finding was substantiated by 
the finding that there was no difference in neurite outgrowth 
from GalRl knock-out mice compared with wild- type controls. 
Furthermore, recent data using two separate in vivo models show 
that peripheral nerve regeneration is unaffected in GalRl knock- 
out animals (Jacoby et al., 2002). These data therefore suggest 
that GalRl does not mediate the neuritogenic or proregenerative 
effects of galanin in the DRG, implying that GalR2 is the predom- 
inant effector. 

In this study, we used the galanin receptor agonists AR-M1896 
and AR-M961 (Liu et al„ 2001; Ma et al., 2001). AR-M1896 is a 
GalR2-specific agonist with an IC 50 of 1.76 nM at rat GalR2 and 
879 nM at human GalRl, whereas AR-M961 has been shown to 
have agonistic activity at both GalR2 and GalRl, with an IC 50 of 
1.74 nM and 0.403 nM, respectively (Liu et al., 2001). The data 
presented here demonstrate that both AR-M961 and AR-M1896 
have positive effects on neuritogenesis and fully rescued deficits 
seen in the mutant cultures. Because our experiments using RWJ- 
57408 and GalRl knock-out animals indicate that neurite out- 
growth is not mediated via the GalRl receptor, the agonistic ac- 
tion of AR-M961 on neurite outgrowth must be caused by 
activation of the GalR2 subtype, which is confirmed by the ac- 
tions of the GalR2-specific agonist AR-M1896 (Liu et al., 2001). 

The binding of galanin to GalRl and GalR3 inhibits adenylyl 
cyclase (Habert-Ortoli et al., 1994; Smith et al., 1998; Wang et al., 
1998), whereas binding to GalR2 stimulates principally phospho- 
lipase C activity (Fathi et al., 1997; Howard et al., 1997; Wang et 
al., 1997). Studies have shown that the G-protein-coupling pro- 
files of GalRl and GalR2 are distinct. GalRl couples only to G i( 
whereas GalR2 couples to G it G 0 , and G q (Wang et al., 1998). The 
Gj-mediated pathway is independent of PKC activity. In contrast, 
both the G 0 - and G q -mediated mitogen-activated protein kinase 



420 • J. Neurosci., January 15,2003 • 23(2):416-421 

signaling pathways are dependent on PKC activity (Hawes et al., 
1996). Here, we demonstrate by use of the PKC-specific inhibitor 
BIM that the neuritogenic action of galanin is PKC dependent, 
which is consistent with activation of either the G 0 ~ or G q - 
mediated signaling pathways. 

In summary, these results show that galanin is an important 
factor in neurite extension of adult sensory neurons and that this 
process is mediated by activation of GalR2 in a PKC-dependent 
mann er. The role of GalR2 as a mediator of the proliferative effect 
of galanin is substantiated by previous findings in small-cell lung 
cancer cells ( Wittau et al., 2000) and the pituitary (Wynick et al, 
1993, 1998). Furthermore, previous studies have shown that the 
antiallodynic effect of galanin on neuropathic pain is mediated 
via GalRl (Liu et.al., 2001), whereas here we show that the neu- 
ritogenic role of galanin is mediated via GalR2. These results 
suggest that different receptor subtypes may be responsible for 
mediating the differing physiological roles of galanin in the adap- 
tive response of the PNS to injury. Although few data are available 
on human galanin expression, it appears to have an expression 
pattern in the DRG similar to that of the rodent (Marti et al., 
1987; Suburo et al., 1992). These findings have important impli- 
cations for the potential therapeutic treatment of some periph- 
eral sensory neuropathies by the use of selective GalR2 agonists. 
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Abstract— The occurrence of galanin (GAL) in the spinal cord and reports suggesting that it 
acts as an endogenous inhibitoiV spinal modulator in sensory/noxious 

focused interest on its metabolism in the spinal cord. The metabolic half-lives and degradation 
patterns of GAL(1-r29) and the high affinity N-terminal fragment GAL(1-T6), were determined 
in isolated cerebrospinal fluid (CSF) from rats, and analysed by reverse phase HPLC. The half--; > 
lives for:GALn-29)^and GAL(1-16) in isolated rat CSF at 37°C were 120 min and 60 rain, -^v* 
respectively. The first degradation products which we could isolate and identify of GAL( 1-16) * 
were: GAL{3-16) and GAL(3^12) and for GAL( 1-29): GAL(1-5) and GAL(1-4), all without affinity 
to spinal galanin receptors. Degradation studies of GALd-29) and GAL(1-16) in a spinal cord 
membrane preparation, in absence or presence of different protease inhibitors: E-64, pepsta^in 
A,3,4-DCI, bestatin, phosphoramidon, kelatorphan and thiorphan, or metal chelators: EDTA, 
EGTA and o-phenanthrolin, suggest that a phosphoramidon sensitive zinc-metalloprotease is 
mainly responsible for the degradation of G AL( 1-29) and G AL( 1-1 6), since both o-phenanthrolin 
(0.3 mM) and phosphoraniidon (920 /*M) substantially prolong their halMiyes. 



Introduction 

Galanin (GAL) 1 a 29/30 amino acid long C-ter- 
minally amidated neuropeptide is widely dis- 
tributed and exerts a variety of biological actions 
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in the peripheral and central nervous system. In the 
rat spinal cord GAL is present in primary sensory 
neurones (DRG), local dorsal horn cells and motor 
neurones. 2 * 3 GAL is of particular interest as an 
endogenous inhibitory spinal modulator in sen- 
sory/noxious processing and transmission. Intra- 
thecally (i.t.) applied GAL has a concentration 
dependent triphasic facilitatory and depressive 
effect on the spinal flexor reflex (used as a model 
for nociceptive and sensory transmission) 4 and dose 
dependency inhibits the facilitatory effect *wind- 
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up' of conditioning stimulation (CS) of C-afferents 
in skin and muscle nerves. 5 I.t. GAL also potent- 
iates the spinal anti-nociceptive effect of morphine 
and a selective CCK-B antagonist at a dose which 
by itself does not cause analgesia. 6,7 

The occurrence of GAL in the central nervous 
system and the possibility that it may act as an 
endogenous inhibitory modulator have focused 
interest on its metabolism. Fast enzymatic inacr- 
tivation is probably of importance in terminating 
the actions of the synaptically released peptide 
neurotransmitters. Pharmacological use of peptide 
receptor ligands assumes that we can adequately 
protect these from peptidolysis either by finding 
non-peptide ligands (e.g. morphine) or by syn= 
thesizing protected peptide type ligands. If the phar- 
macological effect of the peptide receptor agonist is 
desirable, inhibitors to specific degrading enzymes 
may also be useful. The ffrst step toward these goals 
is to establish the degradation pattern for the pep^ 
tide in question. 

Earlier studies have shown that GAL is degraded 
rapidly when incubated with gastric smooth muscle 
membranes, although the metabolic products of 
half-life in this preparation were not determined; 8 
Degradation of GAL(l-29) and GAL(1-16) (a high-; 
affinity agonist) in a hypothalamic crude membrane 
preparation showed that the metabolic half-lives 
we're 100 min and 28 min, respectively. The proposed 
peptidolytic cleavage sites in GAL(1-16) were 
between Trp^Thr 3 , Thi^-Leu 4 , and Leu 4 -Asn 5 , yield- 
ing fragments GAL(3-16), GAL(4-16) and GAL(5- 
16), all without measurable affinity to the GAL 
receptor. 9 

During an intrathecal administration, GAL is 
injected into the cerebrospinal fluid (CSF), per- 
meates the pia mater and diffuses to the superficial 
layers (laminae I and II) of the spinal cord, where 
spinal GAL receptors are expressed. The metatn- 
olism of endogenously occurring GAL(l-29) and 
the N-terminal biologically active GAL fragment 
GALQ-16) has not yet been studied in the spinal 
cord or CSF. Identification of the fissile bonds iri 
GAL(l-29) and GAL(1-16) may assist the 
synthesis of peptidolytically more stable, long act- 
ing analogues which could be used in pain treat- 
ment. 

The present study shows the metabolism of 
GAL(l-29) and the GAL(1-16) in isolated rat CSF 



and a P 2 -membrane preparation from the lumbar 
dorsal spinal cord. 



Materials and methods 

Materials 

Rat GAL(l-29) and GAL(1-16) were synthesized 
by the f-Bqc method, purified on a LKB HPLC 
apparatus (SYSTEM PREP 50) using Polygosil 60^ 
7 C 18 reverse phase column and characterized by 
plasma desorption mass spectrometry, model 
Bioion 20, Applied Bidsystems, as described by 
Langel_et al 1992. 10 GAL(l-2?) was synthesized 
with a C-terminal amide corresponding to the 
endogenous peptide while GAL(1-16) was syn- 
thesized as a free carboxylic acid. The protease 
inhibitors E-64 (N-[N-(L-3-Trans-carboxyoxirane- 
2-carbonyl)-L-leucyl]-agmatine), 3, 4-DCI (3, 4- 
DicMorbisocoumariri), pepstatin A, phos- 
phoramldon, bestatin and thiorphan were from 
Boehringer Mannheim. Kelatorphan was a gen- 
erous gift from Prof. B. Roques (Paris). All other 
reagents were from Sigma (St Louis, MO, USA). ; 

Isolation of CSF 

Adult male rats (Sprague-Dawley, 350-400 g) were, 
anaesthetised with chloral hydrate 300 mg/kg body " 
weight (i.p.) and CSF was collected from the Cis- 
ternae cerebello medullaris through a suboccipital 
puncture and immediately put on ice. To remove, 
contaminating blood cells the CSF was centrifuged 
for 2 min at 11000 x g. 

Control experiments were performed, with serum- 
from blood collected through a heart puncture, and 
showed no degradation of either QAL(l-29) or 
GAL(1-16). 

_'i 

Preparation of membranes from lumbar dorsal spinal 
cord 

Adult male rats (Sprague-Dawley 180-200 g) were 
decapitated, the lumbar spinal cord rapidly dis- 
sected and divided into dorsal and ventral parts. 
The tissue (10% w/v) was homogenized on ice witii. 
a tight fitting Teflon-glass homogenizer (10 strokeis 
at 695 rpm) in 0.32 M sucrose buffered with 5 wM 
Hepes (pH 7.4). The homogenate was diluted 10- 
fold with 0.32 M sucrose buffered with 5 mM Hepes 
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(pH 7:4) and centrifuged at 1000 xg for 10 min. 
The supernatant was further centrifuged at 
1 0 000 x g for 45 min and the pellet resuspended alt 
a concentration of 1 nig protein/ml inHepes |5 
mM)^buflferei Kjebs-W 

containing 137 mM/NaCl, 2.68 ,mM RCl, i8 mM 
CaCU 2:05 mMMgCk and l g/l glucose, pH 7.% 
aliquoted and stored at — 80°C. 

Degradation of XlAL( 1-29) andQAL(l-16) in CSF 
or lumbar dorsal spinal cord membranes 
To determine the rate of degradation of and to 
identify the proteolytic products, GAL(l-2?) and 
GAL(1-16) at a concentration of 1 and 0.5 /ig/£l, 
respectively, were incubated with isolated rat CSF 
or P 2 -membranes from the lumbar dorsal spinal 
cord (0.6 mg proteih/ml, GAL(l-29) and GAL(1- 
16): 30 //M) at 37°C, 0-210 min. The degradation 
was stopped by precipitation of proteins with per- 
chloric acid (final concentration 2% (v/y)), and cem 
trifuged for 2 min at ll OOO x g. The resulting 
supernatant was analysed by HPLC on C18 reverse 
phase analytical column (NucleosU 120^3, 100 x 4 
mm ED), eluting with a 16-56% acetonitrile/water 
(0.1% TFA v/v), gradient for 50 min, flowrate 0:8 
ml/min. 

To characterize the degradation products, the 
different peaks were collected, lyophiiised and Phe- 
nylisothiocyanate (PITC) amino acid analysis was 
performed. 

First order rate constants of the disappearance 
of GAL(l-29) and GAL(1-16) were calculated 
according to equation 1. 

St = S 0 .e^ (eq.l) 

where S t = area of non-degraded peptide peak, at 
time moment t; S D = area of initial peptide peak at 
t = 0; k = first order rate constant of the degra- 
dation of the peptides. 



Results 

To determine the half-lives and degradation pattern 
of GAL(l-29) and GAL(1-16), degradation studies 
were performed in freshly isolated CSF from rats. 
The rate of disappearance of GAL(l-29) and 
GAL(1-16), and the appearance of degradation 
products were followed by HPLC-analysis. Those 



degradation products which appeared first were col- 
lected and further characterized by PITC amino , 
acid analysis. In the isolated CSF preparation titie ; 
metabolic half-lives for GAL(l-29) and GA£(fc- * 
16) were 120 ±60 min (n= 6) and 60 ±30 min 
(n = 6), respectively at 37°C.. The first ind&U 
pendently appearing degradation products for 
GAL(1-16) were GA^ and : 

for GAL(1^29) were GAL(l-5) and GAL(l-4)? ; 
None of these peptide fragments could displace —jr.-;. 
GAL(l-29) binding from spinal cord membranes 

(Fig. 1). IS 
To characterize the protease class which is mainly 
responsible for the degradation of GAL(1-16) and 
GAL(l-29) we used a lumbar dorsal spinal cord Pr 
membrane preparation, because of the poor repro-;, 
ducibihty of half-lives of GAL(l-29) and GAL(1- 
16) in isolated CSF. Degradation studies, in absence 
or presence of different protease inhibitors were 
performed. 

In Figure 2 the half-lives of GAL(1-16) and 
GAL(l-29) in presence of the serine, cysteine arid: 
aspartate protease inhibitors 3#-DCI (0.1 mM), E- 
64 (1.4 mM) and pepstatin (20 /xM), respectively 
are listed. As shown, neither one of these inhibitors 
is able to prolong the half-lives of GAL(1-16) or ; 
GAL(l-29); However, the metal chelators EDTA, 
EGTA and o-phenanthrolin ( 1 , 1 0-phenanthroUn) 
significantly prolonged the half-lives of GAL(1-16) 
and GAL(l-29) in spinal cord membranes. 
Whereas the Zn 2+ chelator o-phenanthroliri at 0.2 
mM prolonged the half-lives of GAL(1-16) and 
GAL(l-29) three times, EDTA and EGTA (10 
mM) could prolong the half-life of GAL(1~29) 6 
times, but the half-life of GAL(1-16) only 3 times. 
The results presented in Figure 2 clearly indicate 
that GAL(1-16) and GAL(l-29) are sensitive 
to metalloprotease(s), probably Zn-metallopro- 
tease(s). 

To further characterize which metalloproteases 
are involved in the degradation of GAL(1-16) and 
GAL(l-29), their half-lives were measured in the 
presence of inhibitors to some well charactered 
metalloproteases, known to be present in the CSF 
and spinal cord. In Figure 3, the half-lives of 
GAL(1-16) arid GAL(l-29) are shown in the pres- 
ence of the peptidase inhibitors: bestatin (ami- 
nopeptidase N/M (APN/M)), phosphoramidori 
(neutral endopeptidase EC. 3.4.24. 1 1 (NEP)), thior- 
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phan (NEP), kelatorphan (mixed APN/M-NEP - inhibit the degradation of GAL(1-16) and GAL(1- 

inhibitor), and a mixture of these. Of these met- 29). . 

alloprotease inhibitors, only the endopeptidase The degradation of both GAL(l-29) and 

inhibitor phosphoramidon, could significantly GAL(1-16) was faster when incubated with mem- 
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Fig. 3 The half-lives of GAL(I-16) (dark columns) and GAL( 1-29) (light columns) [30 /zM] incubated in a crude mitochondrial . 
membrane preparation (PJ [0.6 mg/ml] from LDSC, at 37°C, in presence of the protease inhibitors bestatin (APN/M), phos- 
phoramidon (NEP), thiorphan (NEP), kelatorphan (mixed APN/M-NEP inhibitor), and a mixture of these. For calculations see 
legend under Figure 2. r 



branes from spinal cord than when incubated with 
isolated CSF, which can be explained by the mem- 
brane concentration used, in this case 0;6 mg pro- 
tein/ml. To determine whether or not the inhibition 
of degradation of GAL(1-16) and GAL(l-29) by 
o-phenanthrolin was concentration-dependent, 
degradation of GAL(1-1 6) and GAL(l-29) in spi- 
nal cord membranes in the presence of increasing- 
concentrations of 0-phenanthrolin was studied 
(Fig. 4). The degradation of both GAL(1-16) and > 
GAL(l-29) was inhibited in a concentration-depen- 
dent manner by o-phenanthrolin. At 0.4 mM (the. 
highest inhibitor concentration used) the half-life 
of GAL(1-16) was prolonged 12-fold (from 22 to 
270 min) and for GAL(l-29)the half-life was pro- 
longed only 5-fold (from 70 to 398 min). In a pre**, 
liminary study of the degradation of GAL(1-16) 
and GAL(l-29) in isolated human CSF (frozen) 
the half-lives for GAL(l-29) and GAL(1-16) were. 
» 180 min, probably due to inactivation of degrad- 
ing activities during storage of the samples. 



Discussion 

The present study shows that GAL(1-16) and 
GAL(l-29) are enzymatically degraded in isolated 
CSF from rat. Although GAL(1-16) has not been 
shown to occur endogenously, information about 
its metabolism is important from a phar- 
macological-therapeutic point of view, since it acts 
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Fig. 4 .Metabolic half-lives of GAL(1-16) (filled circles) and 
GAL(l-29) (open circles) incubated in P 2 membranes from lum- 
bar dorsal spinal cord, 37°C, in presence of increasing con- 
centrations of 0-phenanthrolin. 

as a high, affinity full agonist. 11 Studies on the struc- 
tural requirements of the biological activity of 
GAL(l-29) in the spinal cord have shown that the 
N-terminal fragment GAL(1-16) is an equipotent 
agonist at the spinal GAL receptor, with a K D value 
of 3 nM, but with slightly superior pharmaco-kin- 
etic properties e.g. penetration and diffusion con- 
stants compared to GAL(l-29).' n 
The half-lives for GAL(1-16) and GAL(l-29) in 
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CSF were 60 ±30 min and 120 ±60 min, respec- 
tively, showing that GAL is a surprisingly stable 
peptide. The half-lives for GAL(1-1 6) and GALQ-- 
29) in the spinal cord membrane preparation were 
20 ±2 and 56 ± 5 min, respectively. An earlier study- 
carried out in a hypothalamic membrane prep- 
aration, showed that the half-lives for GAL(1-16) 
and GAL(l-29) were 28 and 100 min, respectively* 

The higher metabolic stability of GAL(l-29),as 
compared to GAL(1-16), can be explained by the 
proposed horse-shoe like conformation of GAL(1- 
29) based on fluorescence energy transfer data, sug- 
gesting' that the C-terminal part of the molecule can 
sterically protectee N-terminal and render it less 
susceptible for proteolytic attack. 12,13 

The first appearing degradation products for 
GAL(1-16) were GAL(3-16) and GAL(3-12) and 
for GAL(l-29) were GAL(l-4) and GAL(l-5)as 
determined by PITC amino acid analysis of the 
collected HPLC peaks/fractions. To address the 
question whether the formation of GAL(3-12) was 
secondary to a previous formation of GAL(3-16) 
from GAL(1-16), synthetic GAL(3-16) was incu- 
bated with isolated CSF for 90 min. No formation 
of GAL(3-12) was observed, indicating that 
GAL(3-16) and GAL(3-12) are independent degra- 
dation products of GAL(1-16). To yield the frag- 
ment GAL(S-12), GAL(1-16) is cleaved between 
Trp^Thr 3 and Pro l2 -Gly 13 , where the latter rep- 
resents an unusual cleavage site. The degradation 
patterns of GAL(i-16) and GAL(l-29) in CSF 
showed that the cleavage sites are located mainly in 
the N-terminal part of the peptides. Cleavage in 
the N-terminal part of GAL(1-16) and GAL(l-29) 
represents a biologically significant degradation, as 
this results in fragments which no longer bind to 
spinal GAL receptors with high affinity, and arp 
thus in a galaninergic perspective, inactive frag- 
ments. In order to characterize which proteose class 
is mainly responsible for the degradation of 
GALQ-16) and GAL(l-29) we changed the model 
system from isolated CSF to a lumbar dorsal spinal 
cord P 2 -membrane preparation. 

The degradation profile (i.e. time dependency 
and amount of individual degradation products) of 
GAL(1-16) and GAL(l-29) in spinal cord mem- 
branes were similar to that in CSF, suggesting that 
a similar set of peptidases is acting in the CSF and 
in the spinal cord membranes. The inability of the 



serine (3.4-DCI), cysteine (E-64) and aspartate 
(pepstatin) protease inhibitors to prolong the half- 
lives of GAL(1-16) and GAL(l-29) and the potent 
inhibition by o-phenanthrolin, EDTA and EGTA 
suggest that metalloproteases are active in the 
metabolism of GAL(1^16) and GAL(l-29) (Fig. 2),, 
An interesting finding was that GAL(1-16) anci 
GAL(l-29) were differently inhibited by the metal . 
chelators o-phenanthroliri, EDTA and EGTA. 6^ 
phenanthrolin prolonged the half-lives of GAL(14-: 
16) and GAL( 1-29) three times, whereas EDTA 
and EGTA prolonged the half-life of GAL(l-29) 
six times, but the half-life of GAL(1-16) only three 
times. This may indicate that metalloproteases; 
other than Zn-metalloproteases are also active in 
the degradation of the C-terminal part of GAL:; 
GAL(17-29), whereas the N-termirial part is 
degraded mainly by Zn-metalloproteases. 

In the subsequent investigation of which met- 
alloproteases degrade GAL(1-1 6) and GAL(l-29), 
we selected inhibitors specific for NEP (thiorphan), 
APN/M (bestatin), mixed NEP and APN/M inhibit 
tor (kelatorjphan) and the less specific metallo-endp^- 
peptidase inhibitor phosphoramidon, which is also 
a potent NEP inhibitor. These studies suggest that 
a metallo-endopeptidase(s), other than NEP . 
degrades GAL(1-16) and GAL(l-29) in the spinal 
cord membranes, since phosphoramidon but nei- 
ther thiorphan nor kelatorphan significantly pro- 
longed their half-lives. Phosphoramidon (920 iM) 
prolonged the half-lives of both GAL(1-16) arid 
GAL(l-29) to the same extent(l. 5-fold), indicating 
that the protease inhibited by phosphoramidon, is 
active in the GAL(1-16) part of GAL(l-29). The 
identification of the first appearing degradation, 
products of GAL(1-16) i.e. GAL(3-16) and 
GAL(S-12) and of GAL(l-29), GAL(l-4) and 
GAL(l-5) in isolated CSF may suggest the involve r 
ment of (N-terminally acting) amino- and/or dipep- 
tidyl amino peptidases. This is consistent with a 
study in a hypothalamic membrane preparation, 
where the degradation of GAL(l-29) and GAL(1- 
16) was shifted from the N-terminal portion to thb 
C-terminal portion in the presence of EDTA, sug- 
gesting that the enzyme(s) responsible for the cleav- 
age in the N-terminal part are metalloprotease(s). 9 
In conclusion, degradation studies in spinal cord 
membranes in the presence of different protease 
inhibitors indicate that an o-phenanthrolin and 
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phosphoramidon sensitive zinc-metalloprotease(s) 
is mainly responsible for the degradation of 
GAL(1-16) and GAL(l-29), since both o-phefi-. 
anthrolin in a concentration dependent manner and 
phosphoramidon are able to substantially prolong 
their half-lives. 
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Peripheral Inflammation Facilitates Aj8 Fiber-Mediated Synaptic 
Input to the Substantia Gelatinosa of the Adult Rat Spinal Cord 

Hiroshi Baba, Timothy P. Doubell, and Clifford J. Wpolf 
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Whole^cell patch-clamp recordings were made from substantia. : 
gelatinosa (SG) neurons in thick adult rat transverse spinal cord 
slices with attached dorsal roots to study changes in fast • 
synaptic transmission induced by peripheral inflammation. In- 
slices from naive rats, primary afferent stimulation at. Aj3 fiber 
intensity elicited polysynaptic EPSCs in only 1 4 of 57 (25%) SG . 
neurons. In contrast, A/3 fiber stimulation evoked polysynaptic 
EPSCs in 39 of. 62 (63%) SG neurons recorded in slices from 
rats inflamed by an intraplantar injection of complete Freundls 
adjuvant (CFA) 48 hr earlier (p < 0.001). Although" the peripheral;' 
inflammation had no significant effect on the threshold and 
conduction velocities of A/3, AS, and C fibers recorded in dorsal 
roots, the mean threshold intensity for eliciting EPSCs was 
significantly lower in cells recorded from rats with inflammation, 
(naive: <33.2 ± 15.1; ttA, n = 57; inflamed: 22.8 ±1.1.3 piA, n - 



Peripheral tissue inflammation characteristically leads to in- 
creased pain sensitivity. This is the consequence both of a^ 
peripheral sensitization of high- threshold AS and C nociceptor 
terminals on exposure to inflammatory mediators (Levine and 
Taiwo, 1994) and to a central facilitation of .synaptic input into 
the dorsal horn of the spinal cord; central sensitization (Wodlfy 
1983; Torebjork et al., 1992). Central sensitization is initiated 
in noninflamed animals by brief C -fiber inputs and manifests as/ 
a modification in the receptive field properties of dorsal horn 
neurons caused by the recruitment of subthreshold inputs 
(Woolf and King, 1990), and includes the transformation of 
nociceptive-specific cells into multireceptive cells with a low- . 
threshold A/3 fiber input (Simone.et aL, 1989; Woolf et al., 
1994). In human volunteers, central sensitization induced by 
activation of C -fibers with chemical irritants includes the gen- 
eration of a tactile pain mediated by A/3 fibers (Torebjork et 
aL, 1992; Koltzenbiirg et aL, 1994). In in vitro neonatal spinaL* 
cord preparations, repetitive brief C -fiber stimulation pro^ 
duces an NMDA receptor-mediated heterosynaptic facilitation 
of A/3 fiber inputs to deep dorsal horn and ventral horn spinal 
neurons (Thompson et aL, 1990, 1993). 
Central sensitization is likely to contribute substantially to the 



Received Aug. 3, 1998; revised Oct. 22, 1998; accepted Nov. 3, 1998. 

Supported by the Human Frontier Science Program (RG73/96) and the Wellcome 
Trust (039631). 

Correspondence should be addressed to Dr. Hiroshi Baba, Neural Plasticity 
Research Group, Department of Anesthesia, Massachusetts General Hospital and 
Harvard Medical School, MGH-East 4th Floor, 149 13th Street, Charlestown, MA 
02129. 

Dr Doubell's present address: University Laboratory of Physiology, University of 
Oxford, Oxford, OX 1 3PT UK. 

Copyright © 1999 Society for Neuroscience 0270-6474/99/190859-09$05.00/0 



62, p < CL001), and the mean latency of EPSCs elicited by Ajg 
fiber stimulation in CFA-treated rats was significantly shorter? 
than that recorded from naive rats (3:3 ± 1.8 msec, n = 36 vs 
6.0 ± 3.5 msec, n = 12; p = 0.010). A/3 fiber stimulation evoked 
polysynaptic IPSCs in 4 of 25 (16%) cells recorded from. naive 
rat preparations and 14 of 26 (54%) SG neurons from CFA : . 
treated rats(p < 0.001).The mean threshold intensity for IPSCs 
was also significantly lower in CFA-treated rats (naive: 32.5 ±; 
15.7 juA, n = 25; inflamed: 21.9 ± 9.9 jlxA, n = 26, p = 0.013), 
The facilitation of Ap fiber-mediated in^ut into the substantia^ 
gelatinosa after peripheral inflammation may contribute to al^ 
tered sensory processing. 

Key words: inflammation; pain; dorsal horn; synaptic trans^, 
mission; neural plasticity; substantia gelatinosa 



hypersensitivity associated with experimental inflammation as'.a 
consequence of C-fiber input from spontaneously active C -fibers; 
or' augmented peripheral activation of sensitized C -fibers. An- 
other mechanism may, however, participate in alterations ; in syn- 
aptic efficacy during inflammation,, a change in the synaptic drive 
generated by A/3 sensory neurons innervating the inflamed area. 
In adjuvant-inflamed but not naive rats, for example, the ham- 
string flexor withdrawal reflex is progressively sensitized by re- 
petitive light mechanical stimuli applied to the inflamed' tissue 
(progressive tactile hypersensitivity), which can be mimicked by 
A/3 fiber electrical stimulation (Ma and Woolf, 1996a). Aj3 fiber 
input in inflamed animals also generates an action ' potential 
afterdischarge in dorsal horn neurons, something only AS and; 
C-fibers normally evoke (Neumann et al., 1996). Finally, A/3- 
fiber-mediated ventral root potentials recorded from an in vitro' 
spinal cord preparation from inflamed neonatal rats, show 
windup, a phenomenon normally only associated with C-fibers 
(Thompson et al., 1994). One explanation for these changes in the 
central action of A/3 fibers after inflammation may be the novel 
expression of substance P and other synaptic modulators in some 
of these fibers (Neumann et al., 1996), which could result in 
synaptic events typical of C-fibers being generated by Aj3 fibers. 

The central changes involved in inflammation may result in the 
facilitation of A/3 fiber-mediated synaptic input to neurons in the 
superficial dorsal horn, especially lamina II (substantia gelatinosa, 
SG). The direct primary afferent input into the SG is predomi- 
nantly AS and C fiber nociceptors (Willis and Coggeshall, 1991), 
and the novel recruitment of low-threshold A/3-evoked synaptic 
potentials in these neurons might alter sensory processing suffi- 
ciently to contribute to the abnormal hypersensitivity typical of 
inflammation. We have now investigated, using an in vitro adult 
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Figure 1. A t Schematic diagram of the experimental setup. Extracellular recordings were made from dorsal roots, and whole-cell patch-clamp recordings 
were made from SG neurons in adult rat spinal cord transverse slices with a long attached dorsal root. B, Representative extracellular recording of 
compound action potentials evoked at graded stimulus intensities {top, 12-50 jjA; bottom, 300 pA). The threshold intensities for Aft AS, and G fibers 
were 12, 23, and 230^/iA, respectively. The stimulus duration for and AS was 0:05 msec andfor C fibers was 0.5 msec. Calculated conduction velocities 
for Aft AS, and C fibers were 27.3, 83, and 0,8 m/sec, respectively. 0, The stimulus-response relationship of A0 and AS compound action potentials 

(*.=5). •■ ■■ "v ; • " " ~ ■• ; ' . 



spinal cord preparation, the effect of inflammation on Aj3 fiber- 
mediated fast synaptic responses in the SG. . . .'. 

MATERIALS AND METHODS 

The methods for inducing inflammation, obtaining adult rat spinal cord 
slices, and blind whole-cell patch-clamp recordings from SG. neurons 
have been described in detail previously (Ypshimura and Jessell, 1989; 
Yoshimura and Nishi, 1993; Ma and Woolf, 1996a). Briefly, inflammation 
was induced' by an intraplantar injection of complete Freund's adjuvant 
(CFA; Sigma, St. Louis, MO; 100 jul) into the left hindpaw of adult male 
Sprague Dawley rats (10-11 weeks, 300-350 gm) under halothane. 
(2.5%) anesthesia, producing an area of erythema, edema, and tender- 
ness restricted to the hindpaw (Stein et at, 1988). Naive noninflamed 
animals or rats 48 hr after CFA injection were terminally anesthetized 
with urethane (1.5-2.0 gm/kg, i.p.), and the lumbosacral spinal cord was 
removed. The isolated spinal cord was then placed in preoxygenated cold 
Krebs* solution (2-4°C). After removal of the dura mater, all ventral and 



dorsal roots, except the L5 dorsal root on the left side, were cut, and the 
pia-arachnoid was removed. The spinal cord was placed in a shallow 
groove formed in ah agar block and glued to the bottom of a microslicer 
stage with cyanoacrylate adhesive and held in place by the agar block. 
The spinal cord was immersed in cold Krebs' solution, and a 600-jun- 
thick transverse slice with attached dorsal root was cut on a vibrating 
microslicer (model DTK1500; Dosaka Co. Ltd., *£yoto, Japan); The 
spinal cord slice was then placed on a nylon mesh in the recording 
chamber and held in place by a titanium electron microscopy grid 
supported by a silver wire loop. The slice was perfused with Krebs* 
solution (15 ml/min) saturated with 95% Q 2 and 5% C0 2 at 36 ± 1°C. 
The Krebs* solution contained (in mM): NaCl 117, KC1 3.6, CaCl 2 2.5, 
MgCl 2 1.2, NaH 2 P0 4 1.2, NaHC0 3 25, : and glucose 11, The length of 
preserved L5 dorsal root from the cathode of the suction electrode to the 
dorsal root entry zone was adjusted to 18-20 mm by cutting its distal end. 
Orthodromic stimulation of the dorsal root was performed with a suction 
electrode (Fig. \A) using a constant-current stimulator (Neurolog). The 
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Table 1. Compound action potential 

Threshold (fiA) Conduction velocity (m/sec) 

Aj3 AS C A/3 AS_ C - 

Naive (n = 12) 13.3 ± 2.7 24.7 ± 1.9 217.9 ± 76.9 27.0 ± 3.7 8.0 ± 1.2 0.8 ± 0.1 

Inflamed (n = 14) 12.6 ± 2.7 25.4 ± 2.2 198.0 ± 77.3 26.0 ± 4.3 8.1 ± 1.1 0.9 ± 0,1 





Figure 2. Identification of SG and SG neu- 
rons in the transverse spinal cord slices; A 9 . 
Photomicrograph of the slice preparation from 
.naive rat showing that the SG can be identified : 
as a translucent pale area in the superficial : 
dorsal horn (dotted Area) enabling targeting- of 
'. the recording electrode to the this region. 
Scale bar, 600 pun. B, A representative SG 
neuron injected with Neurobiotin. Scale bar, 
20 juin.-C, A low-power photomicrograph of a 
slice from naive rat showing SG neurons filled 
with Neurobiotin. Note all neurons lie within 
the middle third of the dorsoventral plane of 
SG and have the features typical of stalk ceils. 
The dendrites of some cells extend ventrally 
into deeper'Iaminae as indicated by the arrow. 
Scale bar, 150 /im. 



stimulus intensity necessary to activate Aa//3, AS, and C fibers and the 
afferent fiber conduction velocity was determined by extracellular record- 
ing of compound action potentials from the dorsal root near the dorsal 
root entry zone in each experiment. The minimum stimulus intensities 
and duration to activate Aa//3, AS, and C fibers were -10 jiA (0.05 
msec), 25 fiA (0.05 msec), and 200 /iA (0.5 msec), respectively (Fig. 
1A,B; Table 1). In some experiments, focal stimulation was performed 
with a monopolar silver wire electrode (50 /im diameter), insulated 
except at the tip, positioned just distal to the dorsal root entry zone to 
estimate conduction velocity of the fibers responsible for particular 
synaptic responses. 

Blind whole-cell patch-clamp recordings were made from neurons 
located in SG (Figs. \A y 2A). With a light source directed under the slice, 
the SG, because of its relative lack of myelin is readily identifiable as a 
distinct translucent region in the superficial dorsal horn (Fig. 2A) (Yo- 
shimura and Nishi, 1993). The recording electrodes were positioned, in 
all cases, under direct visual control into the middle third of SG, 
identified as above, in the dorsoventral plane and within its medial half 
in the mediolateral plane. The location of recorded neurons was con- 
firmed in selected instances by the intrasomatic injection of Neurobiotin 
(0.3%; Vector Laboratories, Burlingame, CA). 



Two pipette solutions were used in this study,, the first, which.was used 
in most cases with TEA and Cs, contained (in him): Cs-sulfate 110, 
CaCl 2 0.5, MgCl 2 2, EGTA5, HEPES 5, TEA 5, and ATP-Mg salt 5, and 
the second, without Cs and TEA, contained (in mM): potassium glu- 
conate 135, KC1 5, CaCl 2 0.5, MgCl 2 2, EGTA 5, HEPES 5, ATP-Mg salt 
5, and Na-GTP 0.5. The resistance of a typical patch pipette was 5-10 
MCI. Voltage-clamped neurons were held at a membrane potential of 
-70 mV for recording EPSCs and at 0 mV for recording IPSCs. At 0 
mV, only IPSCs produce upward deflections (Baba et al., 1998), because 
the reversal potentials of EPSCs are -0 mV (Yoshimura and Jessell, 
1990). 

Membrane currents were amplified with an Axopatch 200A amplifier 
(Axon Instruments, Foster City, CA) in voltage-clamp mode. Signals 
were filtered at 2 kHz and digitized at 5 kHz. Data were analyzed using 
pCIamp 6 (Axon Instruments). Membrane potential and input resistance 
were measured shortly after establishing whole-cell clamp. 

In preliminary experiments in 15 SG cells recorded in the absence of 
TEA/Cs in the pipette solution, no indication of an augmentation of 
channel -associated slow synaptic currents after inflammation was de- 
tected. Because the Cs/TEA-containing pipette solution, although ob- 
scuring such K + currents, improved space clamp and the capacity to 
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Table 2. Criteria for the classification of synaptic responses 

Monosynaptic 

Classification Threshold (Fixed latency) 


Polysynaptic 
(Variable latency) 


Latency 


A$ mono 


<50/xA 


+ 




<2.2 msec , 


Ap poly 


<75pA 




+ 




AS mono 


>25r/xA 


+. 




2.2-10msec* 


A/3/A5 poly 


25-50/iA 




+ 




AS poly 


>50./xA 




+ 




C mono 


>200,/xA 


+ 




20-40 msec 



record IPSCs, we used it to record the fast A fiber-mediated synaptic; 
responses that were, under investigation in this study. 

Statistical analysis on differences in threshold and latencies of neurons 
recorded in control and inflamed ;tissue .was performed using a* nested- 
ANOVA and on the proportions of cells with particular synaptic re- 
sponse by logistic regression with GEE techniques. Results presented are 
mean ± SD. : . - 

RESULTS 

Identification of SG neurons 

The neurons recovered after intrasomatic injection of Neurobi- 
otin showed that targeting the electrode into the SG resulted in 
recordings from neurons with cell bodies in lamina II in all cases,. 
(n = 21) (Fig. 2C). These cells' had, moreover, morphological 
features and cell body diameters similar to those described pre- ; 
viously in the: rat SG using Golgi (Beal anid Bicknell, 1985) and 
intracellular HRP (Woolf and Fitzgerald, 1983)-labeling tech- 
niques and included stalked and islet cells, the most common cell," 
types of thelregion. A distinctive feature, in several cells was. 
dendrites extending ventrally into the deeper laminae of the ; 
dorsal horn (Fig. 2C). 

Membrane properties and spontaneous synaptic 
responses of SG neurons 

The average membrane potentials of SG neurons recorded from 
naive preparations were -64.5 ± 6.2 mV (n = 21) and, in animals 
with inflammation they were -65.7 ± 7.4 mV (n - 25). Meari T 
input resistance was 746 ± 357 MH (n = 11) in naive and 834 ± 
453 MO (n = 14) in cells from inflamed animals, suggesting that 
. similar sized cells were recorded in both cases. The frequency of 
spontaneous EPSCs was 35.9 ± 17.6 Hz (n ~ 12)irom,naive and 

32.1 ± 24.1 Hz (n = 15) from cells recorded in preparations.from v 
inflamed animals. The frequency of spontaneous IPSCs was 

23.2 ± 13.0 Hz (n = 5) in naive and 17.9 ± 10.7 Hz (n = 6) in 
preparations from inflamed animals. No significant differences in 
these passive and active membrane characteristics were detected 
between neurons recorded from slices prepared from naive and 
CFA-treated rats. 

Primary afferent threshold and conduction velocity 

Primary afferents could be divided into three distinct groups, 
corresponding to Aa/p, AS, and C fibers, on the basis of the 
threshold and conduction velocity of compound action potentials 
recorded extracellularly on the dorsal root (Fig. IB). Figure 1C 
illustrates the stimulus response functions of Aa/f$ fiber and A8 
fiber volleys in the dorsal root at a pulse width of 50 /xsec and 
shows that at <25 juA, only an Aj3 wave is detectable with a 
maximum amplitude at 50 pA. Any new response elicited above 
50 fiA is likely to be, therefore, AS-mediated. It is possible that at 
thresholds below that necessary to detect an Ad wave, a few single 
A8 fibers may be activated. Table 1 shows that the stimulation 



thresholds and conduction velocities for the Aa/fi, AS, and C 
fibers recorded in preparations from naive and rats with an . 
inflamed hindpaw did not differ significantly. The values obtained ; 
for threshold and conduction velocity are in agreement with those 
found in earlier studies in vivo (Lynn and Carpenter, 1982; 
. Harper and Lawson,. 1985; Villiere and McLachlan, 1996). ' : " 

Synaptic responses in SG neurons 

Whole-cell patchy-clamp recordings were made from 57 SG neu- 
rons in slices prepared from naive rats (n =, 12) and 62 neurons |n__ 
slices from rats inflamed 48 hr before with CFA (n = 14). All SG • 
neurons recorded responded to orthodromic dorsal root stimula- 
tion. Table 2 shows the criteria for the classification of synaptic 
responses into A£ or AS monosynaptic or polysynaptic in terms of 1 
threshold, response to repetitive inputs, and latency. Identifica- 
tion of EPSCs as monosynaptic was based on a constant latency 
and absence of failures with repetitive stimulation at a frequency 
of 20 Hz (Fig. 3/4, middle, bottom) (Yoshimura and: jessell, 1989), 
Polysynaptic EPSCs, in contrast, had variable latencies arid 
showed failures at 20 Hz (Fig. 3A, top; see Fig. 6B). At stimulus 
thresholds.between 25 and 50 /iA, it was.not possible. because. of 
the stimulus response profile of the afferent volleys (Fig. 1C) to 
differentiate unambiguously any polysynaptic responses elicited 
into AJ3 or AS, and we have classified these, therefore, as A0/AS 
(Table 2). 

Most SG neurons recorded from naive rat slices exhibited 
either monosynaptic or polysynaptic AS fiber-mediated EPSCs. A 
small proportion of cells (25%) from the control preparations had" 
A/3 fiber-mediated polysynaptic input, but none had a monosyn- 
aptic A0 fiber input (Table 3), in agreement with earlier findings 
(Yoshimura and Nishi, 1993). No cells with an input exclusively 
from C -fibers were found. Polysynaptic IPSCs were recorded in 
some, neurons at a holding membrane potential of 0 mV (Fig. 3B) 
and were mediated by GABA A and/or glycine receptors, as evi- 
denced by the antagonism with bicuculline and strychnine (Fig. 
3C). As for the EPSCs, the IPSCs in most SG neurons in naive 
rats were mediated by AS fibers, confirming the previous study 
(Yoshimura and Nishi, 1995), and only a small proportion of cells 
had A/3 fiber-mediated polysynaptic IPSCs (16%) (Table 3). 

Synaptic responses in SG neurons recorded from rats 
with an inflamed hindpaw 

In contrast to the naive situation, SG neurons recorded from 
slices obtained from rats with an inflamed hindpaw exhibited 
Aj3 fiber-evoked polysynaptic EPSCs in the majority of cases 
(39 of 62; 63%; Table 3) (p < 0.001). No AJ3 fiber-mediated 
monosynaptic EPSCs could be detected in these rats. Figure 
4 A shows the distribution of the minimum stimulus intensity 
threshold for eliciting EPSCs in slices from naive and rats with 
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Q Graded Intensity 



Ap poly 





AS mono 



100 p A 




10 ms 



Control 



AS mono + C mono 





Strychnine 
Strychnine + Bicuculline 



50 pA 



10 ms 



20 ms 



Figure 3. A, The top, middte, and bo^ evoked by Ap (14-20 fiA, 0.05 msec) r AS (32-50 fxA, 0.05 msec), and C(200-500 

IlA; 05 msec) fiber intensities. Four tofive traces are superimposed in each panel. Top, Af? fiber-evoked polysynaptic EPSCs. Middle, Ad fiber-evoked, 
monosynaptic EPSCs. Bottom, AS and C fibers evoked monosynaptic.EPSCs. Note that the latencies were constant for the monosynaptic EPSCs and 
variable in the polysynaptic responses. The above records were obtained from a single neuron. B, Polysynaptic IPSCs evoked by graded stimulation. As. 
the intensity was increased from 15 to 40 j/A, 0.05 msec, the latency of the I PSC shortened. C, The effects of strychnine (2 jim) and bicuculline (20 .jim) 
on IPSCs. Strychnine eliminated the short-latency component of the IPSC, whereas bicuculline reduced the longer latency component. 



Table 3. Classification of synaptic responses 

A0-mono A/3-poly 


A5-mono 


A£/AS poly 


AS-poly 


C-mono 


EPSCs 














Naive (n = 57) 


0(0%) 


14 (25%). 


15(26%) 


25(44%) 


8 (14%) 


8(14%). 


Inflamed (n = 62) 


0(0%) 


39 (63%) 


■ 12 (19%) 


19(30%) 


; 1(2%) 


6 (10%) 


IPSCs ' * 














Naive (n = 25) 


0 (0%) 


4 (16%) . 


0(0%) 


19 (76%) 


2(8%) 


0 (0%) y 


Inflamed (n = 26) 


0(0%) 


14(54%) 


0 (0%) 


12(46%) 


0 (0%) 


0 (0%) 



inflammation. In slices from CFA-treated rats, the mean 
threshold intensity was 22.8 ±11.3 juiA, which was significantly 
lower than that in the naive preparations (33.2 ± 15.1 /xA; p < 
0.001; n = 57 for naive rat and 62 for CFA-treated rats). The 
threshold in the inflamed preparations is well below that for 
eliciting AS volleys (Fig. 1C). This difference cannot be caused 
by changes in afferent fiber excitability because peripheral 
inflammation had no significant effect on either the thresholds 
or the conduction velocities of Aft AS, and C fibers (Table 1). 
Figure 5A shows the distribution of the latencies of EPSCs 
evoked. at a stimulus intensity of 20 jiA, 0.05 msec (above the 
threshold for Ap but below the threshold of AS fibers). Mean 
latencies, of EPSCs in naive and CFA-treated rats at this 



stimulus intensity were 6.0 ± 3.5 msec (n = 12) and 3.3 ± 1.8 
msec (n = 36), respectively (p = 0.010). In the CFA-treated. 
rats, Aj3 fiber-mediated polysynaptic EPSCs with a very short 1 
latency (<2.0 msec), which is much shorter than that of AS 
fiber-mediated monosynaptic EPSCs (latency, 2.2-3.5 msec), 
could be detected (Fig. 5/4, Fig. 6). These short-latency EPSCs 
were never recorded in cells from naive animals at this stim- 
ulus strength. The conduction velocity calculated by two point 
stimulation along the length of the dorsal root was in Ap fiber 
range (>15 m/sec) (Fig. 6C). Stimulation at an intensity of 100 
fiA 0. 05 msec, which is supramaximal for Aj3 fibers and above 
the AS threshold (Fig. 5B), also resulted in a shorter mean 
latency of EPSC in inflamed rats (2.6 ± 1.0 msec; n = 60) than 
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F^ure 4. ; Distribution of the minimum stimulus threshold intensities necessary for eliciting EPSCs and IPSCs in cells recorded in the SG in slices from 
naive and CFA-treated rats. The mean stimulus threshold intensity required to evoke EPSCs in naive and CFA- treated rats was 33.2" ± 15:1 /iA (n = 
57) for naive and 22.8 ± 11.3 tiA(n = 62) for CFA-treated rats' ■'(>< 0.001; nested ANOVA). The mean stimulus threshold intensity lequired Revoke 
IPSCs in naive and rats with an inflamed hindpaw was 32.5 ±15.7 /uA (n = 25) for naive and 21.9 ± 9.9 fjA (n = 26) for the CFA-treated rate ^ 
0.013; nested ANOVA). The arrow indicates the stimulus intensity at which an AS volley begins to be detected, all responses below this value are 
exclusively A0. The arrowhead represents the stimulus value at which a maximal A/3 volley is elicited. All responses elicited above this: intensity are 
exclusively A5-evoked. For values between the arrow and the arrowhead, the responses evoked may be A0- and/or AS-evoked. 



in naive rats (3.1 ± 1.1 msec; n =..53;. ^ < 0.05). The suprath- 
reshold stimulus also shortened the EPSC latency compared 
with the submaximal stimulus. 

In SG neurons recorded from rats with inflammation, polysyn- 
aptic IPSCs were evoked by A/3 fiber intensity stimulation in 
abouthalf of cells (14 of 26; 54%; Table 3), which is significantly 
greater than naives (p < 0.001). Figure AB shows the distribution 
of the minimum stimulus intensity threshold for eliciting IPSCs 
in slices from naive and CFA-treated rate. In slices from rats with 
an inflamed hindpaw, the mean threshold intensity was 21.9 ± 9.9 
juA, which was significantly lower than that in the naive prepara- 
tions (32.5 ± 15.7 uA; p = 0.013; n = 25 for naive rat and 26 for 
inflamed group). 

DISCUSSION 

We have found that a localized peripheral inflammation for 48 hr 
results in a facilitation of short-latency fast A/3 fiber-mediated 
polysynaptic EPSCs and IPSCs in SG neurons that receive sen- 
sory input from sensory fibers innervating the inflamed area. 

A/3 fiber-mediated synaptic input to the SG 

There is substantial evidence that the primary function of neu- 
rons in the SG is to integrate noxious afferent information carried 
by the high-threshold AS and C fibers that terminate in this region 
of the superficial dorsal horn (Willis and Coggeshall, 1991). The 



SG cells, acting as inhibitory and excitatory intemeurons, modify 
the output of projection neurons in both lamina I and the deeper 
layers of the dorsal horn (Willis and Coggeshall, 1991). The vast 
majority of SG neurons have high-threshold receptive 'fields, but t 
an excitation of SG neurons by innocuous mechanical stimuli and 
A/3 fiber electrical stimulation has been reported in a small 
number of cells in in vivo studies (Kumazawa and Perl, 1978; 
Bennett et al.,1980; Woolf and Fitzgerald, 1983). Studies in adult 
spinal cord slices with an attached dorsal root show a similar 
picture. Although short-latency fast excitatory synaptic responses 
in SG cells in these preparations have been found to be predom- 
inantly mediated by AS fibers, A/3 fiber-mediated EPSCs are also 
detected, but only in a small proportion of SG neurons. These A/3 
fiber-mediated EPSCs always have a variable and longer latency 
than the more common monosynaptic AS EPSCs (Yoshimura 
and Jessell, 1989; Yoshimura and Nishi, 1993). In vitro studies 
with immature young rat spinal cord preparations have not re- 
ported Aj3 fiber-mediated fast EPSCs, which may reflect devel- 
opmental changes or technical issues relating to the thickness of 
the slice and the length of dorsal root available (Bleazard et al., 
1994; Randic et al., 1995; Sandkuhler et al., 1997). 

Because A/3 fibers do not project directly to SG but to lamina 
III-VI (Brown, 1981; Woolf, 1987) and because the dendrites of 
many SG neurons do not leave SG (Light et al., 1979; Bennett et 
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Figure 5. Distribution of the latencies of EPSCs in cells recorded in the SG in slices from naive and CFA-treated rats. A, The EPSC latencies evoked 
by A/3 fitier intensity (20 /iA, 0.05 msec, below A5 fiber threshold) were significantly shortened in the rats with an inflamed hindpaw; 3.3 - ;±.1;8 msec versus 
6.0 ±3.5 msec.(/> ='0.010; nested ANOVA; /i = 12 in naive and n ^ 36 in inflamed rats). A0 fiber-mediated .EPSCs with short latencies ^<2.0;msec) 
were only observed in the preparations from rats with an inflamed hindpaw. B t Distribution of the latencies of EPSCs evoked by supramaximal A0 fiber 
stimulation intensity. Mean latency of EPSCs in CFA-treated rats was 2.6 ± 1.0 msec (n = 60), which was significantiy shorter than that recorded in naive 
rats (3.1. ± 1.1 msec; n = 53; nested ANOVA; p <0.05). - ' f., /. \ - .'. 



al, 1980), it has been commonly assumed that all responses to Ag 
. fiber stimulation must depend on polysynaptic pathways. In sup- 
port, of this is our failure ever to detect an A/3 fiber-evoked 
monosynaptic EPSC in the SG. However, there are some cells in 
the SG with dendrites that extend into* the deep dorsal horn 
(Woolf and Fitzgerald, 1983; Fig. 2C). The question should be 
therefore, why, given this potential anatomical substrate for a 
-direct A/3 input to some SG cells, has no such input ever beep, 
seen in naive animals or even after inflammation? 

Potential mechanisms responsible for the facilitation, 
of A/3 fiber mediated-input into SG after inflammation 

There are two possible general mechanisms that could result in 
the recruitment of fast Ag-evoked synaptic responses in the SG; 
a strengthening of pre-existing ineffective or silent synapses or 
the establishment of novel synapses by a structural alteration in 
synaptic connectivity. The former is likely to operate after in- 
flammation, and the latter may well contribute to. changes after 
nerve injury (Woolf et al., 1992). Afunctional change in synaptic 
connectivity could be caused by presynaptic or postsynaptic al- 
terations, either increasing excitability or reducing inhibition and 
may operate at the first synapse between the afferent and dorsal 
horn neurons or on subsequent neurons in the polysynaptic chain 
that carries the A0 fiber input to the SG from deep laminae.. One 
example of a presynaptic change in primary afferents that could 
increase synaptic strength is a shift in transmitter content in A 
fibers. After inflammation, for example, some A/3 fibers, which 



are normally not substance P-immunoreactive, begin to express, 
this peptide (Neumann et aL, 1996). A/3 fibers also acquire the 
novel capacity to induce an NKl-mediated windup-like phenom- 
enon (Thompson et al., 1994; Herrero and Cervero, 1996a,b). 
Inflammation also changes the nature of those peripheral, stimuli 
that can evoke activity-dependent c-fos expression in the dorsal 
horn from predominantly nociceptors in the naive state (Hunt et. 
al., 1987; Presley et al., 1990) to one that includes Ag fibers (Ma 
and Woolf, 1996b). Other mechanisms that may potentially in- 
crease synaptic strength include increased transmitter release, 
increased postsynaptic receptors, reduced uptake or breakdown 
of transmitters, post-translational changes in receptor function, or 
alterations in postsynaptic membrane excitability. We found no 
change in the membrane potential of the SG neurons from CFA- 
pretreated preparations, but because the change in synaptic re- 
sponsiveness was polysynaptic and not monosynaptic it is not 
possible to dissect out easily what is responsible and where it is 
acting. Nevertheless, inflammation has been shown to' result in 
changes in the phenotype of dorsal horn neurons, including the 
upregulation of NK1 receptors and alterations in dynorphin ex- 
pression so that postsynaptic mechanisms may be important 
(Ruda et al., 1988; Noguchi et al., 1991; Schafer et al., 1993; 
McCarson and Krause, 1994). 

Although a decrease of GABAergic and glycinergic inhibition 
could result in an augmentation of Aj3 fiber-mediated responses 
in the SG, this is unlikely because we found a facilitation of Ag 
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Figured. Aj3 fiber-evoked polysynaptic EPSCs with short and variable 
latencies recorded in an SG cell from a slice from a rat with an inflamed 
hindpaw. A, The effect of stimulus intensity. As the intensity was in- 
creased (12-25 /iA; 0.05 msec), the latency of the A0 fiber-evoked EPSC 
shortened. The shortest latency was 1;6 msec at an intensity of 22-25, uA. 
The arrowhead identifies the EPSC evoked by the lowest, and the arrow 
identifies the EPSC evoked by the highest stimulus strengths. B,A shift in 
latency of the A^-evoked EPSCs was observed with 20 Hz repetitive 
stimulation at 25. pA, indicating a polysynaptic synaptic response. The. 
arrow identifies the first EPSC, and the arrowhead identifies the last EPSC 
in we' trainee, Stimulation of the dorsal root by a peripheral suction 
electrode and the entry zone with a focal electrode were performed to 
calculate the conduction velocity of fibers responsible for the evoked 
EPSC. Conduction velocity calculated by the difference of latencies; was 
32.5 m/sec '(length of dorsal root, 19^ mm). 

fiber-mediated IPSCs as well as EPSCs after inflammation. We 
cannot exclude the possibility, however, that disinhibition occurs 
. in laminae III or IV. This too seems unlikely, though, because 
both GABA and the GABA A receptor are upregulated in the 
dorsal horn after peripheral inflammation (Castro-Lopes et al., 
1994). 

After peripheral nerve injury, A/3 fibers sprout from lamina IE 
into lamina II (Woolf et al., 1992), and Aj3 fiber-mediated mono- 
synaptic EPSCs, which are never normally observed in SG, can be 
detected (Okamoto et al., 1996). We have been unable, however, 
to detect any evidence of A/3 fiber sprouting after CPA inflam- 
mation at 48 hr (Q-P. Ma and C. Woolf, unpublished observa- 
tions), which is in keeping with the lack of any monosynaptic 
input after this treatment. 
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Functional consequences of augmented AjS input to 
theSG 

Several studies recording, from large cells in the deep dorsal horn 
have shown that inflammation alters receptive field size and 
properties (Ren et al., 1992a,b; Ren and.Dubner, 1993). Synaptic 
input to lamina II cells is, as we show here, also modified. A 
recruitment of low-threshold mechanoreceptive input, to 
nociceptive-specific neurons, including those in the superficial 
dorsal horn, occurs after central sensitization induced by capsa- 
icin or mustard oil (Simone et aL, 1989; Woolf et aL, 1994), 
Central sensitization may contribute to the change in SG respon- 
siveness to Aj3 input after inflammation caused by an .ongoing 
activity in C -fibers generated by the presence of inflammatory 
mediators in the inflamed, tissue. Such a mechanism is unlikely/ 
though, to be a major contributor in the present experiments, im 
which the sensory fibers are disconnected from the periphery, 
unless the inflammation-induced activity generates very long- 
lasting changes in membrane excitability. 

The processing of sensory information in the spinal cord is 
dynamic, and it is this modifiability that is a major contributor to 
alterations in sensation after inflammation or nerve injury. The 
fact that an area of the spinal cord normally devoted almost; 
exclusively to nociceptive input begins after inflammation to 
receive low-threshold synaptic input is a, further indication of the 
plasticity of the system. What causes the changes and whether" 
they contribute to. inflammatory pain hypersensitivity needs now 
to be established. 
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Using immunocytochemistry and in situ hybridization, we have 
examined the expression of brain-derived neurotrophic factor 
(BDNF) and of neurotrophin receptors in dorsal root ganglion 
cells. In the adult rat, BDNF mRNA and protein were found 
mainly In the subpopulation of cells that express the nerve : 
growth factor (NGF) receptor. trkA and the neuropeptide calci- 
tonin . gene-related peptide (CGRP). NGF increased. BDNF 
within the trkA/CGRP cells to the extent that almost 90% of - 
trkA cells contajned BDNF mRNA after intrathecal NGF treat- 
ment, and 80-90% of BDNF-expressing cells contained trkA. 
Non-trkA cells that expressed BDNF included some trkC cells 
and some small cells that labeled with the- lectin Griffohia 
simplicifolia IB4, a marker for cells that do. not express trks. . 
However, very few trkB celjs expressed either BDNF mRNA or 
protein, and NGF did not increase BDNF expression in non-trkA . 
cells. BDNF protein was anterogradely transported both peripti- 



Brain-derived neurotrophic factor (BDNF) is a member of a 
small family of related molecules termed neurotrophins, the other 
mammalian members being nerve growth factor (NGF), neuro- 
trophin (NT)-3, and NT-4/5. The neurotrophins exert their ef- 
fects through a family of tyrosine kinase (trk) receptors compris- 
ing trkA (selective for NGF), trkB (selective for BDNF and 
NT-4/5), and trkC (selective for NT-3) (for review, see Maness. et 
al., 1994). 

All three trks are expressed within adult dorsal root ganglia 
(McMahon et al.,1994; Kashiba et al., 1995; Wright and Snider- 
1995), and all members of the neurotrophin family show retro- 
grade transport to dorsal root ganglia from peripheral nerves 
(DiStefano et al., 1992; Curtis et al., 1995). BDNF, however, is 
unusual in being also produced by adult dorsal root ganglion 
(DRG) cells (Ernfors et al.; 1990, 1993; Wetmore and Olson, 
1995; Apfel al., 1996; Cho et al., 1997), although the role of this 
BDNF is not known. An autocrine role has been proposed on the 
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erally and centrally. The central transport . resulted in BDNF 
immunoreactivity Jn CGRP containing terminal arbors in the 
dorsal horn of the spinal cord, and this immunoreactivity was ; 
increased by NGF treatment. Electron microscopic analysis 
revealed that the BDNF immunoreactivity was present in finely 
myelinated and unmyelinated axons and in axon terminals, 
where it was most concentrated over dense-cored vesicles. : 

Our data do not support .an autocrine . or paracrine role for, , 
BDNF within normal dorsal root ganglia, but indicate that BDNF 
may act as an anterograde trophic messenger. NGF levels in the 
periphery could influence dorsal horn neurons via release .of L~ 
BDNF from primary afferents. 

Key words: brain-derived neurotrophic factor; mRNA; trkA; 
trkB; NGF; dorsal root ganglion cells; primary afferent; calcitonip 
gene-related peptide 



basis of studies of single-neuron microcultures (Acheson et al., 
1995). Alternatively, BDNF protein has been suggested to be 
released locally to act in a paracrine manner on trkB cells (Apfel 
et al., 1996); however, there is little information regarding the 
dorsal root ganglion (DRG) subtypes that synthesize BDNF. 
Two studies have recently reported that NGF increases BDNF 
mRNA in trkArexpressing cells (Apfel et ah, 1996; Cho et .aL,.. 
1997), but it is not known whether trkB or trkC cells synthesize 
BDNF. It is also not known how the expression of BDNF protein 
and/or mRNA relates to subgroups of DRG cells defined accord- 
ing to widely used neurochemical criteria (Hunt et al., 1992; 
Lawson, 1992). BDNF is axonally transported by DRG cells to 
their central and/or peripheral processes (Zhou and Rush, 1996), 
but the cell type involved is not known. 

The role of BDNF in DRG cells is given added importance by 
the fact that BDNF synthesis is greatly increased after nerve 
injury (Ernfors et al., 1993). Nerve damage causes the central 
terminals of large-diameter DRG cells to sprout within the dorsal 
horn (Wpolf et al., 1992), and this sprouting can be prevented by 
NGF treatment (Bennett et al., 1996a). The stimulus for tlie 
sprouting is not known, but it has been suggested that it might tie 
in response to BDNF released from the terminals of small- 
diameter DRG cells (Mannion et al., 1996). BDNF released from 
primary afferents might have profound effects on both spinal cord 
anatomy and physiology. 
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control 



BDNF protein 



BIJNF mRNA 



intraperitoneal NGF 




F/j?urc 7 BDNF mRNA and protein are increased by NGF treatment. BDNF immunofluorescence (a, c, e) and in situ hybridization (b, d, f) in lumbar^ 
■ ganglia of control (a, b), intraperitoneal NGF-treated (c, d), and intrathecal NGF-treated (e, f) rats. BDNF immunoreactivity is present in smalJHo ; 
medium sized DRG cells and is increased after NGF treatment. The increase is most evident after intrathecal NGF (e), where immunoreactivity is seeny 
not only in a larger number of DRG cells but also in neighboring axons (arrows). NGF treatment also increases expression of BDNF mRNA. In control- 
tissue ( b), a few heavily labeled cells are seen (stars) together with scattered light labeling (arrows). The number of heavily labeled cells is increased after 
intraperitoneal NGF (d) and increased even more by intrathecal NGF (/). Scale bars, 100 K! - 



To clarify some of these issues we have used in situ hybridiza- 
tion and immunocytochemistry to establish the DRG cell types 
that express BDNF and the changes that take place in response to 
systemic or intrathecal NGF. We have also examined axonal 
transport of BDNF protein, its distribution in the spinal cord, and 
its subcellular location within axon terminals. 

A preliminary report of some of this work has been published 
previously in abstract form (Priestley et al., 1996). 

MATERIALS AND METHODS 

Tissue preparation. A total of 18 adult male Wistar rats (200-400 gm 
body weight) were processed for BDNF immunocytochemistry or in situ 
hybridization. Four of these had 1 mg/kg intraperitoneal injections of 
recombinant human NGF 13 or 24 hr before perfusion, four had intra- 



Table 1. The effect of intraperitoneal NGF (IP NGF) or intrathecal^ 
NGF on the percentage of DRG cells expressing BDNF mRNA, BDNF' 
immunoreactivity, or trkA immunoreactivity 



Control 



IP NGF 



Intrathecal NGF 



BDNF immu- V ":. 

noreactivity 22.3 ± 1.2% (3) 22.3 ± 3.3% (3) 40 ± 1.5% (4)** 

BDNF mRNA 28.5 ± 3.3% (4) 43.7 ± 4.4% (3)* 37.8 ± 1.4% (4)* 

TrkA immu- 
noreactivity 37.8 ± 2.2% (4) 37.5 ± 2.0% (4) 42.3 ± 3.1% (3) 

The figures in brackets indicate the number of animals analyzed. * indicates signif- 
icantly different from controls atp < 0.05; ** indicates/? < 0.001. 
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Figure 2. BDNF immunoreactivity is present in trkA/CGRP cells and is increased by NGF treatment. Double-labeling for BDNF (a, c t e) and either* 
trkA (b, d) or CGRP (/) immunofluorescence in lumbar ganglia of control (a, b) and intrathecal NGF-treated (c-/) rats is shown. In both control and , 
intrathecally treated animals, the majority of BDNF-immunoreactive DRG cells are also trkA immunoreactive (a-d). However, because intrathecal NGF ; 
increases the level of BDNF immunoreactivity, the number of trkA-immunoreactive cells that double-label for BDNF is increased in c and d compared; 
with a and b. A similar situation occurs for BDNF and CGRP double-labeling, with extensive coexistence of BDNF and CGRP evident after intrathecal 
NGF treatment (e, f). Arrows indicate BDNF/trkA or BDNF/CGRP double-labeled cells; asterisks indicate cells single-labeled for trkA or CGRP; stars 
indicate cells single-labeled for BDNF. Scale bars, 100 jun. 



thecal NGF, and five had unilateral ligations of dorsal roots or sciatic 
nerves. 

Intrathecal delivery of NGF was performed basically as described 
previously (Bennett et aL, 1996a). A laminectomy of the L5 and L6 
vertebrae was performed under pentobarbitone, anesthesia (Sagatal, 
Rhone Merieux Ltd., UK) (40 mg/kg, i.p.). The dura was cut, and a 



SIL ASTIC tube (0.6 mm diameter) was passed intrathecally so that its tip 
lay over the lumbar enlargement. Alternatively, a tube was introduced 
through the foramen magnum and passed intrathecally to lie over the 
cervical cord. NGF (1 mg/ml in saline) was infused using a mini-osmotic 
pump (Alzet type 2002, Alza Corp., Palo Alto, CA) at a rate of 0.5 /xl/hr 
for a period of 1-2 weeks. For ligation of dorsal roots, a laminectomy of 
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Table 2. The effect of intraperitoneal NGF (IP NGF) or intrathecal NGF on the percentage of BDNF-expressing DRG cells that also exhibit trkA or 
CGRP immunoreactivity 





Control 




IP NGF 




Intrathecal NGF 






% of BDNF 

expressing 

other 


% of other 
expressing 
BDNF 


%. of BDNF 

expressing 

other 


% of other 
expressing 
BDNF 


% of BDNF 

expressing 

other 


% of other 
expressing 
BDNF 


BDNF and trkA 
immunoreactivities 

BDNF and CGRP 
immunoreactivities 

BDNF mRNA and trkA 
immunoreactivity 


46%(200/434) 
68% (131/192) 
44% (301/507) 


21% (200/931) 
20% (131/644) 
30% (301/810) 


'49% (207/421) 
44% (227/511) 
:80% (900/1241) 


29% (207/721) 
21% (227/1088) 
60% (900/1311) 


91% (201/221) 
96% (322/335) 
79% (540/685) 


84% (201/268); 
76% (322/424) 
88% (540/603) 



The figures in brackets indicate the number of cells counted. 



the L2 and L3 vertebrae was performed, and the L4 and L5 roots were 
tied with a single or double 5/0 silk ligature. For peripheral nerve 
ligation,- the sciatic nerve was exposed under pentobarbitone anesthesia 
and tied with a single or double 5/0 ligature at midthigh level. Ligation 
was performed on control rats and on rats that received intraperitoneal 
NGF 24 hr before ligation. Perfusion :was performed 12-24 hx after 
ligation. 

Rats were anesthetized with sodium pentobarbital (60jng/kg) and per- 
fused through the ascending aorta with 30 ml vascular rinse followed by 300 
ml 4% paraformaldehyde in 0.1 M phosphate buffer. After 2^-3.0 hr 
post-fixation, tissue blocks were cryoprotected in 15% sucrose, and 8-12 
/im sections were cut on a cryostat. Sections were then stained using one of 
the following procedures: light microscopic irnmunocytochemistry, in situ 
hybridization, combined immunofluorescence and in situ hybridization, or 
preembedding electron microscopic irnmunocytochemistry. 

Light microscopic irnmunocytochemistry. Sections were stained using 
standard single or dual color indirect labeled immunofluorescence or 
indirect tyramide signal amplification (TSA) (NEN) fluorescence proce- 
dures (Priestley, 1997). Incubations consisted of 1 hx in 10% normal 
serum followed by 18-36 hr in primary antibody and 3 hr in developing 
secondary antisera. For BDNF labeling, an affinity-purified rabbit anti- 
body raised against recombinant human BDNF was used at 1:500 (indirr 
rect labeled procedure) or at 1:2000-1:5000 (TSA procedure). For 
double-labeling, this antibody was combined with one of the following- 
rabbit or sheep (Affiniti) CGRP polyclonal antisera (1:2000), rabbit 
polyclonal antiserum directed against the extracellular domain of trkA 
(code-labeled RTA, used at 2.5 yLglvcA), or Griffonia simplicifolia IB4 
lectin (Sigma, Poole, UK), which recognizes terminal a-galactose resi- 
dues (12.5 /xg/ml biotinylated IB4). The characteristics and staining 
specificity of all these markers have been reported previously (BDNF, 
Yan et al., 1997; RTA, Clary et al., 1994, Averill et al., 1995; rabbit 
CGRP, Merighi et al., 1988; goat CGRP and IB4, Averill et al., 1995). 
Controls for double-labeling included reversing the order of the primary 
antisera, as well as omitting the first or second primary antiserum. TEe 
two sets of antisera were applied sequentially, and this normally involved 
BDNF TSA followed by indirect labeled immunofluorescence. Although 
two primary antisera raised in rabbit were sometimes combined, non- 
specific double-labeling was not observed. A similar protocol has been 
used by other workers (Hunyady et al., 1996; Shindler and Roth, 1996), 
and the lack of cross-reactivity is thought to be attributable to the fact 
that the TSA procedure allows the first series primary antibody to t>e 
used at a dilution that is too high to be detected by the second reagent set. 
Our data support this explanation. In control single-labeling using indi- 
rect labeled immunofluorescence, we were unable to visualize the BDNF 
antiserum at the dilutions used for the TSA procedure. 

Secondary reagents used for indirect immunofluorescence included 
both FITC- and TRITC-labeled anti-rabbit IgG and anti-sheep IgQ 
affinity-purified antisera (Jackson ImmunoResearch, West Grove, PA) 
(1:100 dilution) and 1:200 ExtrAvidin-FITC (for IB4 localization; Sig- 
ma). TSA labeling was performed using biotinylated goat anti-rabbit IgG 
(1:400) (Vector, Burlingame, CA) and Vectastain Elite peroxidase re- 
agent (Vector) followed by biotinyl tyramide (NEN TSA-indirect kit) 
and ExtrAvidin-FlTC (1:500, Sigma). After incubation in secondary 
reagents, sections were washed briefly in PBS and then mounted in 
PBS/glycerol (1:3) containing 2.5% 1,4 diazobicyclo (2,2,2) octane (an- 
tifading agent; Sigma). - 



In situ hybridization. Oligonucleotide probes complementary to bases 
273-306 of the rat BDNF sequence (Timmusk et al, 1993), bases 124- 
157 of the rat trkA sequence, (Meakin et al., 1992), bases 2213-2246 :bf 
the rat trkB sequence (Middlemas et al., 1991), and bases 1099-1132 of 
the rat trkC sequence (Valenzuela et al., 1993) were synthesized (Geno- 
sys),arid thea hybridized^ to cryostat sections using standard ;procedures 
(Michael and Priestley, 1995, 1996a). The trkB probe was directed 
against a portion of the tyrosine kinase domain and designed only to 
recognize full length receptors. The probes were labeled at the 3' end- 
with 3 ?S-dATP (Dupont NEN, Wilmington, DE) and terminal trans- 
ferase (Promega,' Madison, WI) to specific activities of -5000 Ci/mmol. 
Sections were acetylated in 0.25 M acetic anhydride/0.1 M triethario- 
iamine.for lOmin, dehydrated in ethanols (70-100%), and delipidated 
with chloroform. Hybridizations were performed overnight at 37°C using - 
probe concentrations of 2 nM. Hybridization buffer- consisted of 4X SSC 
(IX SSC = 150 mM sodium chloride, 15 mM sodium citrate, pH 7.0), 50% 
deionized formamide, 0.04% Ficoll-400, 0.04% poly vinylpyrrolidone, 
0.04% bovine serum albumin, 10% dextran sulfate, 0.1% SDS, 20 mM 
dithiothreitol (DTT), 20 /ig/ml yeast tRNA, 100 fig/ml sheared salmon 
sperm DNA, and 10 u-g/ml-poly adenylate. 

After hybridization, sections received two (15 min) washes at room, 
temperature (RT) in 2X SSC, two at 50°C in lx SSC, and one at 50°C in . 
0.2X SSC. Sections were washed an additional 2 hr at RT in lx SSC, 
dehydrated through ethanols, dipped in autoradiographic emulsion (Am- 
ersham LM1), and exposed for 4-8 weeks. After development, slides 
were counterstained with toluidine blue, dehydrated, and coverslipped. 

In situ hybridization combined with immunofluorescence. Immunofluo- 
rescence was followed by oligonucleotide in situ hybridization, as de^ 
scribed previously (Priestley et al., 1993; Michael and Priestley, 1996b). 
Standard indirect immunofluorescence was performed as described 
above, except that antisera were diluted in diethylpyrocarbonate-treated 
PBS containing 0.5-5 mM DTT and 100 U/ml RNasin (Promega) in 
addition to 0.2% Triton X-100. After they were immunostained, sections 
were processed as for single BDNF in situ hybridization, except tliat 
developed sections were mounted in PBS/glycerol instead of being tolu- 
idine blue-counterstained and dehydrated. Silver grains in PBS/glycerol 
mounted sections were visualized using epipolarized Ulumination 
(Priestley et al., 1993). 

Pre-embedding electron microscopic irnmunocytochemistry. Four ani- 
mals were perfused with 4% paraformaldehyde, 0.1% glutaraldehyde 
in 0.1 M phosphate buffer and processed for electron microscopic 
irnmunocytochemistry using standard preembedding procedures 
(Priestley et al., 1992). The spinal cord was dissected out, post-fixed 2.5 
hr in the same fixative, and immersed in PBS. Sections (40 fim) were 
cut using a vibratome (Oxford) and pretreated with 1% sodium boro- 
hydride in PBS for 30 min before they were immunostained. Sections 
were incubated for 30 min in 10% normal goat serum and then 
transferred to BDNF polyclonal antibody (1:1000) for 12 hr at 4°C. 
Primary antibody was subsequently revealed using 1:400 biotinylated 
goat anti-rabbit IgG (Vector) and Vectastain Elite peroxidase reagent 
(Vector). Sections were then developed with a solution containing 
0.05% 3,3'-diaminobenzidine, 0.04% (NH 4 ) 2 S0 4 .NiS0 4 , and 0.01% 
H 2 0 2 in 0.1 M phosphate buffer, pH 7.3. Unless stated otherwise, 
incubations were performed at RT, and antisera were diluted in PBS. 
Stained sections were then contrasted in Os0 4 (1%) and uranyl acetate 
(1%), dehydrated, and flat-embedded in Durcupan (Fluka, Buchs, 
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Figure 3. BDNF mRNA is expressed by numerous trkA cells but by few trkB or trkC cells. Intraperitoneal NGF treatment is shown, a, c, and e show '4 
three serial sections processed for trkC (a), BDNF (c), and trkB (e) mRNAs using in situ hybridization. Each section was also immunostained for trkA 
(&, d, /). Comparison of c and d shows that the majority of cells labeled for BDNF mRNA (asterisks) are also trkA immunoreactive. Those BDNF-labelecT " 
cells that are visible in the serial sections (a, b, e, f) are marked by asterisks in b and /. Comparison of a and b shows that the majority of trkC -labeled 
cells (marked C) do not express BDNF mRNA. However, two BDNF/trkC double-labeled cells are visible in b, one of which is trkA immunoreactive^ - 
Comparison of e and / allows the distribution of DRG cells that express trkB (marked B) and BDN F (asterisks) to be compared. They seem to form two-; • ; : 
discrete populations, and no double-labeled cells are visible. Scale bars, 50 jim. 



Switzerland). After light microscopic examination, areas of interest 
were processed further for electron microscopy. 

Imaging and quantitation. Sections were viewed on a Leica epifluores- 
cence microscope using N2 (TRITC), L3 (FITC), and polarization filter 
blocks combined with bright-field and/or dark-field illumination. Immu- 
nostaining and in situ hybridization were documented by photography 
using Ilford T-MAX film. Photographs were printed by hand or were 
generated digitally by scanning 35 mm negatives using a Nikon LS-1000 
at 900-1300 pixels/inch, by composing using Adobe Photoshop, and by 
printing on a Sony UP-D8800 graphics printer at 300 pixels/inch. Gray 
levels were stretched to optimize contrast, but images were not filtered or 
otherwise manipulated. 

The proportion of BDNF-expressing DRG cells was determined by 
counting the number of immunoreactive and nonimmunoreactive neu- 
ronal profiles in sections of DRG. In double-labeled sections, the 



percentage of BDNF-expressing cells expressing a second marker was . 
assessed by switching between FITC, TRITC, and /or polarization 
filter blocks. At least 250 labeled DRG cells were examined for each 
marker and counted on randomly chosen DRG sections. With use of 
Visilog image analysis software, the cell size and level of expression of 
BDNF mRNA were assessed in trkA immunoreactive and immuno- 
negative DRG cells using previously described methodology (Priestley, 
et al., 1991). Images were captured directly off the microscope at 25 X ; 
magnification using a Grundig FA87 digital camera with integrating 
framestore. Cells were then outlined manually using a computer 
mouse, and the area within each cell that was occupied by silver grains 
was calculated. At least 200 cells of each type were counted. The 
amount of BDNF immunostaining in lamina II of the spinal cord was 
also quantified, basically as described previously (Bennett el al., 
1996a). Images were captured as above and thresholded to reveal 
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Figure 4. NGF increases BDNF mRNA expression only in 
trkA-immunoreactive cells as shown in Q sum plot of BDNF 
. mRNA expression in trkA-immunoreactive (trkA+) and. 
trkA-nonimmunoreactive (trkA-) lumbar DRG cells in 
control (ctriyaad intraperitoneal NGF-treated (ip NGF) 
animals. BDNF expression was quantified by measuring the 
fraction of the cell body (FRACTION AREA) that was 
covered by silver grains. Note that intraperitoneal NGF does 
not change the level of BDNF expression in BDNFrlabeled 
but trkA-nonimmunoreactive cells. In contrast intraperito- 
neal NGF greatly increases BDNF expression in trkA 
immunoreactive cells, and even in control animals these cells 
show higher labeling than the trkA nonimmunoreactive pop- 
ulation^ bkgd indicates the level of background labeling in 
control and NGF-treated animals. 



Table 3. The percentage of BDNF mRNA expressing DRG cells that also exhibit trRB mRNA, trkC mRNA, or IB4 labeling 

% of BDNF expressing other , ' ■' • % of other expressing BDNF. 



BDNF and trkB mRNAs 



1% (2/175) 
. trkA immunoreactive 



not trkA immunoreactive 



2.4% (2/83) 
trkA immunoreactive 



not trkA immunoreactive 



BDNF and trkC mRNAs 8% (13/166) 

BDNF mRNA and IB4 labelling 34% (71/208) 



7%(11/166) 
15% (31/208) 



10% (13/133) 
32% (71/221) 



8% (11/133) 
14% (31/221) 



Intraperitoneal NGF treatment. 



BDNF terminals, the threshold level being kept constant for both 
control and NGF-treated animals. Several 27 X 27 /mm measuring 
boxes were placed over each image, and the area within each box that 
was occupied by immunostained terminals was calculated; 120-240 
areas were sampled for each animal. 

RESULTS 

NGF effects on BDNF protein and BDNF mRNA in 
lumbar ganglia 

In lumbar ganglia of control rats, BDNF immunoreactivity was 
evident in DRG cells and occasional axons. The quality of stain- 
ing, however, varied between animals, depending on the immu- 
nocytochemical staining method. Thus few cells were stained 
using indirect immunofluorescence, whereas good TSA fluores- 
cence preparations (Fig. la) showed staining in —22% of DRG 
cells. Rats treated with intraperitoneal NGF showed a similar 
quality and range of BNDF immunostaining but little change in 
the number of immunoreactive DRG cells (Fig. lc, Table 1). In 
contrast, ganglia from animals treated intrathecally with NGF 
showed abundant and robust BDNF immunostaining (Fig. le). 
As many as 40% of DRG cells showed immunoreactivity (Table 
1), together with numerous axons. In all types of preparation, 
staining was confined to DRG cells and adjoining axons. Thus 



there was no indication of staining within satellite cells or 
Schwann cells. 

In situ hybridization for BDNF mRNA showed a pattern of 
staining-similar to that observed for BDNF protein. Thus a few 
heavily labeled DRG cells were observed in control animals 
together with numerous cells showing labeling slightly above 
background (Fig. lb). The intraperitoneal NGF-treated animals 
(Fig. Id) and the intrathecally treated animals (Fig. If) both 
showed increased labeling compared with controls. However, the 
total number of labeled cells increased only slightly (Table 1), 
suggesting that the increased in situ hybridization labeling repre^ 
sented mainly an increase in grain density per cell. 

Relationship between BDNF expression and trkA 
expression in lumbar ganglia 

The NGF effects were characterized further by combining BDNF 
immunocytochemistry with immunofluorescence for trkA or 
CGRP. BDNF immunoreactivity was present mainly in trkA 
cells, but the extent of double-labeling varied according to the 
type of NGF treatment (Fig. 2a-d, Table 2). For example, the 
percentage of trkA-immunoreactive cells that were BDNF immu- 
noreactive increased from 21% in controls (Fig. 2a,b) to 84% 
after intrathecal NGF (Fig. 2c,d). NGF also increased the double- 
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Fieure 5 Intrathecal NGF treatment. BDNF immunoreactivity is present in numerous trkA cells but in few trkB or trkC cells, a-f show preparations., 
double-labeled for BDNF immunoreactivity («, Cj e) and either trkA (6), trkB (</), or trkC (/) in situ hybridization. The asterisks indicate the location 
of trk-expressing cells, revealed by the in situ hybridization autoradiograms. Many BDNF-immunoreactive cells show trkA labeling (a, b), but the trkJJ- 
and trkC -expressing cells are distinct from the BDNF-immunoreactive ones. Scale bars, 50 jim. 



labeling in terms of the percentage of BDNF cells that were trkA 
immunoreactive (Table 2). Very similar results were obtained for 
CGRP, consistent with previous studies showing that CGRP 
labels broadly the same DRG subpopulation as trkA (Averill et 
al., 1995). Thus extensive coexistence of BDNF and CGRP 
immunoreactivities was observed (Fig. 2e,f), and this coexistence 
varied according to the type of NGF treatment in the same way as 
the trkA/BDNF coexistence (Table 2). 



To determine whether the BDNF protein observed in trkA/ 
CGRP cells was locally synthesized, BDNF in situ hybridization 
was also combined with trkA immunofluorescence (Fig. 3c,d, 
Table 2). Just as with BDNF protein, extensive overlap was 
observed between BDNF mRNA and trkA, and the degree of 
coexistence increased with NGF treatment. Thus 30% of trkA- 
immunoreactive cells expressed BDNF mRNA in controls, 
whereas this figure increased to 88% after intrathecal NGF (Ta- 
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Table 4. The percentage of BDNF-immunoreactive DRG cells that also 


express trkA, trkB, or trkC mRNA 






%of BDNF 


% of trk 




expressing trk 


expressing BDNF 


BDNF and trkA mRNA 


85% (583/684) 


82% (583/706) 


BDNF arid trkB mRNA 


2.5% (18/708) 


9 5% (18/179) . . 


BDNF and trkC mRNA 


6% (53/842) 


13%.(53/399) 



Intrathecal NGF treatment. The figures in brackets . indicate the number of cells 
counted. * . : . V 



ble 2). To exclude the possibility that these changes in BDNF/ 
trkA double-labeling were caused by changes in trkA expression, 
the effect of NGF on trkA immunoreactivity was also examined. 
The percentage of DRG cells that were trkA immunoreactive was 
not significantly affected by NGF treatment (Table 1). V 
Judged on the basis of either immunocytochemistry or in situ 
hybridization, a proportion of BDNF-expressirig cells were not 
trkA immunoreactive (Figs. 2, 3; Table 2). Image analysis pi 
preparations double-labeled for, BDNF in situ hybridization; and 
trkA immunofluorescence was performed to quantify the extent 
of labeling for BDNF mRNA in the trkA-immunoreactive and 
trkA-nonimmunoreactive cells and to quantify the effect of intra- 
peritoneal NGF on the two populations. Consistent with the 
impression given by micrographs (e.g., Fig. 3c,d), this analysis/ 
showed that the trkA-immunoreactive J -cells had greater labeling 
for BDNF mRNA than the non-trkA cells and that intraperito- 
neal NGF greatly increased the degree of labeling in the trkA 
subpopulation (Fig. 4). In addition, it revealed that mtraperitp- 
neal NGF had no effect on the degree of BDNF mRNA labeling 
in the non-trkA cell population (Fig. 4) and had no effect on the 
cell-size distribution of the trkA subpopulation (data not shown). 

Relationship between BDNF expression and trkB or 
trkC expression in lumbar ganglia 

To determine the relationship between BDNF and trkB or trkC 
expression, two different methods of double-labeling were per- 
formed. The first method was used for animals treated with 
intraperitoneal NGF. Serial sections were processed for trkC, 
BDNF, and trkB in situ hybridization, and each section was also 
immunostained for trkA (Fig. 3). The trkA/BDNF double-. , 
labeled sections were also stained with the lectin Griffonia sim~ 
plicifolia IB4, a marker that has been proposed to mainly label 
DRG cells that do not express any known trk (Averill et al., 1995; 
Molliver et al., 1995; Silos-Santiago et al., 1995). This approach 
allowed us to determine whether BDNF-synthesizing cells be- 
longed to the trkB, trkC, or non-trk (IB4) populations and also 
revealed whether labeled cells coexpressed trkA. A small overlap 
was seen between BDNF and both the trkC and IB4 populations. , 
Thus 15% of BDNF mRNA-expressing cells were labeled for 
trkC mRNA, of which half were also trkA immunoreactive (Fig. 
3a,/?, Table 3). In addition, 49% of BDNF mRNA-expressing cells 
showed IB4 labeling (not illustrated), with approximately two 
thirds of these also trkA immunoreactive (Table 3). In contrast to 
trkC or IB4, however, there was virtually no overlap between 
BDNF mRNA and trkB. Only 1% of BDNF mRNA-expressing 
cells were also labeled for trkB mRNA (Fig. 3e,f, Table 3). 

The second method of double-labeling was applied to animals 
treated intrathecally with NGF and involved BDNF immunoflu- 
orescence combined with trkA, trkB, or trkC in situ hybridization 
(Fig. 5). This allowed a direct analysis of whether BDNF protein 



was present in trkB- or trkC -expressing cells, as well as providing 
an additional assessment of the degree of BDNF/trkA coexpres- 
sion. Consistent with the other labeling methods, a high percent-, 
age of trkA mRNA-expressing cells were BDNF immunoreactive ; 
(82%) (Table 4). A small percentage of BDNF-immunoreactive 
cells expressed trkC mRNA (6%), and an even smaller percent- 
age expressed trkB (3%) (Table 4). . > 

BDNF axpnal transport 

To determine whether BDNF was axonally transported to or 
from lumbar dorsal root ganglia, BDNF immunoreactivity was; 
examined at the site of dorsal root (Fig. 6a;b) and sciatic (Fig. . 
6e,f) ligations. The accumulation of BDNF immunoreactivity 
was compared with that of trkA (Fig. 6c,d) and CGRP (Fig. 6&h) 
immurioreactivities. In dorsal roots, BDNF transport seemed to 
be mainly anterograde. BDNF immunoreactivity accumulated 
predominantly proximal to a dorsal root ligation (i.e., the DRCj 
side). In contrast, both anterograde ; and retrograde transport of 
trkA was evident. TrkA irnmunoreactivity accumulated both 
proximal and distal to the ligation but with greater accumulation 
proximal rather than distal (Fig. 6a-rd). In the sciatic nerve, both 
anterograde and retrograde transport of BDNF were detected. 
BDNF immunoreactivity accumulated both proximal (DRG 
side) and distal to a sciatic ligation (Fig. 6e,f). The proximal 
accumulation was generally greater than that distally, and on both 
sides of the ligation the majority of BDNF-immunoreactive axons 
were also CGRP rmmunoreactive (Fig. 6e-rA). The BDNF accu : 
mulation in dorsal roots and sciatic nerve was greater after 
intraperitoneal NGF than in control animals, and in the case of 
double ligatures no accumulation was seen in the isolated portion 
of nerve between the ligatures (not illustrated). The footpad and 
dorsal surface of the foot were examined for peripherally trans r 
ported BDNF. Immunoreactivity was present but was confined to 
light staining of fiber bundles in the dermis and of isolated axons 
in the epidermis (not illustrated). 

BDNF immunoreactivity in the spinal cord 

BDNF immunoreactivity was examined in the lumbar cord of 
control (Fig. la.b), intraperitoneal NGF-treated (not illustrated), 
and intrathecal NGF-treated (Figs. lc,d) animals. BDNF immu- 
noreactive axons and terminals were observed mainly in the , 
central projections of small diameter primary afferents. Terminals i v 
were particularly abundant in the superficial dorsal horn (laminae 
I, II) (Figs. la,c), in patches in deep dorsal horn (Fig. 7c,e), and 
dorsolateral to the central canal (Fig. 7g). In all of these regions, 
BDNF showed extensive coexistence with CGRP (Figs. le-rh) s 
such that BDNF-immunoreactive axons that lacked CGRP im- 
munoreactivity were rarely observed. In contrast to CGRP, 
BDNF-immunoreactive terminals did not coexist with IB4 (not 
illustrated). As with the staining in DRG, the extent of BDNF 
immunoreactivity in spinal cord varied, depending on whether 
animals had been treated with NGF. Control and intrathecal 
NGF-treated animals were easily distinguished. After intrathecal 
NGF, BDNF-immunoreactive terminals were more abundant 
(compare Fig. 7, a and c), and more extensive coexistence with 
CGRP was seen. After intrathecal delivery of NGF to the cervical 
cord, the BDNF immunoreactivity in primary afferents was so 
intense that it was possible to trace axons from the ganglion into 
the dorsal horn (Fig. 8). Staining in intraperitoneal NGF-treated 
animals was not as great as in intrathecally treated animals, and 
there was significant interanimal variability. In general, however, 
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Figure d Intraperitoneal NGF treatment. BDNF is anterogradely transported. BDNF (a, b, e, /), trkA (c, ^, and CGRP (g, h) immunoreactivity 
proximal (P- a c e, g) and distal (D: b,d,f,h) to lumbar dorsal root (a-J) or sciatic nerve (e-h) L'gations are shown. At a dorsal root ligation, both BDNF 
(a) and trkA (c) accumulate proximal to the ligation (i.e., the DRG side). Distal to the ligation, trkA immunoreactivity accumulates (d) but only 
occasional BDNF-immunoreactive axons are visible (b). At a sciatic nerve ligation, BDNF accumulates both proximal (e) and distal ( /) to the ligation. 
CGRP shows a similar accumulation (g, h), and double-staining reveals that, the BDNF-immunoreactive axons are also CGRP immunoreactive (arrows 
indicate double-labeled axons). Scale bars, 50 jim. 
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Figure 7. BDNF immunoreactivity in the spinal cord is increased by NGF treatment and is present in CGRP-immunoreactive axons, a-d show BDNF, 
immunofluorescence in the dorsal horn of control tissue (a, b) and after intrathecal NGF treatment (c, d). BDNF immunoreactivity in laminae I and' 
II (asterisks in a and c) and in deep dorsal horn (arrowheads in c) is increased by NGF. The increase is particularly striking in lateral lamina II (stars 
in a and c), and this region is shown at high magnification in b and d. Immunoreactive axons (arrows in b and d) are more abundant after NGF treatment 
e-h, Double-labeling showing extensive coexistence of BDNF (e, g) and CGRP (/ h) after intrathecal NGF treatment. In the dorsal horn (e, f) and in 
lamina X dorsolateral to the aqueduct (g, h), numerous double-labeled axons and varicosities (arrows) are visible. Scale bars: a, c, 100 jim; b, d, 25 pm; 
e-hy 50 jtm. 
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Figure 8 Photomontage of a transverse section showing the cervical spinal cord and attached DRG of an animal treated mtrathecally with NGF vi|p 
an upper cervical cannula. BDNF protein is transported by DRG cells along their central processes and into the spinal cord. BDNF levels have increased/. ■ 
to such an extent that immunoreactive axons can be traced from DRG cells, along a dorsal root and into the dorsal horn of the spinal cord. Scale bar/, - 
250 vm. 



it seemed to be slightly greater than in controls, and this was 
confirmed by image analysis. The mean staining level of BDNF- 
immunoreactive terminals in lamina II of intraperitoneal NGF- 
treated animals was twice that obtained in control animals. 

Ultrastructural localization of BDNF immunoreactivity 
in the dorsal horn 

Immunoreactive unmyelinated axons (Fig. 9b), finely myelinated 
axons (Fig. 9c), and axon terminals (Fig. 9a) were observed in 
lamina II. Immunoreactive terminals included characteristic sin- 
uous terminals that made asymmetric synapses and displayed an 
electron-dense axoplasm containing several large dense-cored 
vesicles and numerous agranular vesicles (Fig. 9a). In heavily 
stained terminals, the immunoreaction deposit filled the axo- 
plasm and covered dense-cored vesicles and the membranes of 
agranular vesicles. In Jightly stained terminals, the reaction de- 
posit had a more restricted distribution and seemed to be con- 
centrated over a subpopulation of dense-cored vesicles (Fig. 9c). 

DISCUSSION 

In this study we have shown that trkA-expressing DRG cells 
synthesize BDNF and anterogradely transport it to axon termi- 
nals within the spinal cord. BDNF levels are modulated by NGF, 
with intrathecal^ administered NGF having much more potent 
effects than systemic NGF. In addition we have shown that a small 
number of DRG cells that do not express trkA also synthesize 
BDNF but that BDNF mRNA in these cells is not increased by 
NGF. Such cells include trkC cells and cells that do not express 



any of the trks, but very few trkB cells. The expression of BDNF ., 
protein in DRG cells matches very closely the expression of 7. 
BDNF mRNA. These results have profound implications for our - 
understanding of BDNF function in sensory neurons. ■ 

DRG subgroups that synthesize BDNF 

Previous studies have described BDNF mRNA (Ernfors et al., : 
1990, 1993; Wetmore and Olson, 1995; Apfel et al., 1996; Cho e¥* 
al., 1997) or protein (Wetmore and Olson, 1995; Zhou and Rush,- 
1996) in adult rat DRG cells, and two studies have recently: 
reported that some cells expressing BDNF mRNA also express. 
trkA mRNA (Apfel et al., 1996; Cho et al., 1997). We have 
extended these studies by fully characterizing the expression of 
both BDNF mRNA and protein in relation to all of the trfc 
expressing subpopulations of DRG cells. . v 
Our results show that BDNF is synthesized by several different - 
DRG subtypes, but the biggest contribution comes from cells that; 
express trkA and the neuropeptide CGRP (Fig. 10). TrkA- 
immunoreactive cells in control animals have higher levels of 
BDNF mRNA than non-trkA-immunoreactive cells, and after 
intrathecal NGF, BDNF and trkA/CGRP identify virtually iden| . 
tical populations. Of the BDNF-expressing cells, 80-90% belong 
to the trkA group, and almost 90% of trkA cells express BDNF 
mRNA. This close correspondence between BDNF and the 
trkA/CGRP group is echoed in the spinal cord, where BDNF 
immunoreactivity in both control and NGF-treated animals is 
confined to CGRP containing primary afferents. BDNF is absent 
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Figure 9 Preembedding ultrastructural immunocytochemistry showing BDNF immunoreactivity in axons (b, c) and an axon terminal (a) m lamina H 
of the lumbar spinal cord, a, An immunoreactive terminal (asterisk) shows heavy staining over a region packed with small agranular vesicles and over 
individual large dense-cored vesicles (open arrows). Arrows indicate dense-cored vesicles in an adjoining unstained terminal, b, A heavily stained 
unmyelinated axon (arrow) is visible among a group of similar, but unstained, axons, c, An immunostained preterminal axon and an mimunostained finely 
myelinated axon (asterisk) are visible. The preterminal axon shows staining exclusively over large dense-cored vesicles (arrows). Scale bars, 0.25 fjm: 



from the termination zones of large-diameter afferents and of 
IB4-labeled afferents, consistent with our data showing that rel- 
atively few trkC- or IB4-labeled cells express BDNF mRNA. 
However, the fact that these cell types express some BDNF may 
be significant. NGF increases BDNF expression selectively in 
trkA-immunoreactive cells (discussed below), but it is possible 
that BDNF in the non-trkA population is affected by other 
factors. For example, BDNF expression in DRG cells is increased 
by nerve damage (Ernfors et al., 1993), and we have shown 
recently that this occurs at least partly in trkC cells (Averill et al., 
1997). In vitro, a BDNF autocrine loop has been shown to 
mediate the survival of a subpopulation of adult DRG cells 
(Acheson et al., 1995). Our results, however, indicate that in vivo 
there is very little coexistence of BDNF and trkB mRNAs. Only 
1% of cells expressing BDNF mRNA also expressed trkB, and 
only 2% of trkB cells contained BDNF mRNA. The simplest 
interpretation of this data is that an autocrine loop does not occur 
in control or NGF-supplemented adult animals. However, our 
data do not rule out the possibility that an autocrine loop occurs 
in certain circumstances. Axonal damage may upregulate BDNF 
in trkB cells, or BDNF may support survival of trkA cells in some 



way that does not involve trkB. We also cannot exclude the 
possibility that some BDNF cells express trkB at levels below our 
detection threshold. Consistent with other recent studies 
(Kashiba et al., 1995; Wright and Snider, 1995; McMahon et al.; 
1997), we observed minimal overlap between trkA and trkB cells 
(Fig. 10). However, extensive overlap of trkA and trkB has been 
described (McMahon et al., 1994) and may be attributable to 
low-level trkB expression in some trkA cells. 

Our preparations showed good BDNF immunostaining, with 
BDNF mRNA and protein generally in rather similar numbers 
and types of cells. After NGF, BDNF mRNA was observed in 
more cells than BDNF protein. However, this probably simply 
reflects the fact that a greater increase in BDNF expression was 
needed to bring cells above the detection threshold for immuno- 
cytochemistry than for in situ hybridization. In contrast to the 
extensive coexistence of BDNF and trkA, we observed very little 
BDNF protein in trkB cells. Only 10% of trkB-labeled cells 
showed BDNF immunoreactivity. This is a surprising result, 
given that target-derived BDNF is thought to be axonally trans- 
ported by trkB-expressing DRG cells (DiStefano et al., 1992). 
However, our studies of BDNF axonal transport support our 
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Figure 10. Pie chart summarizing the relationship between BDNF and 
trk expression in neurochemical defined DRG subclasses. DRG neurons 
can be divided broadly into large-diameter cells, which innervate low- 
threshold mechanoreceptors, and small-diameter cells, which innervate 
mainly nociceptors. BDNF mRNA is expressed by the subpopulation of 
small cells that contain the neuropeptide CGRP and the NGF receptor 
trkA. Small cells that do not express any trk receptor/ and that can be 
labeled using the lectin Griffonia simpUdfolia IB4 or the monoclonal 
antibody LA4, mainly do not express BDNF. With the exception of those ; 
trkC cells thatcoexpress trkA, BDNF mRNA is also largely not expressed 
by trkB or trkC cells. TrkC and trkB are present mainly in large-diameter 
cells, which, can be identified using the neurofilament antisera N52 or 
RT97. BDNF is constitutively expressed in the cell types illustrated, but 
expression in trkA cells is increased further by; NGF treatment. 



localization data in indicating that there is little retrograde 
BDNF transport. BDNF immunoreactivity accumulated distal to 
a sciatic ligation but showed extensive colocalization with CGRP, 
implying that it represents mainly recycling of anterogradely 
transported protein. BDNF may be present in trkB cells at levels 
below our detection threshold, but if so it must be at levels that 
are much lower than those that occur in trkA cells. It thus seems 
that most BDNF protein in DRG cells is synthesized locally, with 
target-derived BDNF making only a small contribution. 

Upregulation of BDNF by NGF and its 
functional consequences 

In addition to detecting BDNF protein within trkA/CGRP im- 
munoreactive DRG cell bodies, we observed that BDNF in these 
cells is (1) anterogradely transported along both their central and 
peripheral processes and (2) present in the spinal cord in all their 
terminal fields, and that (3) immunoreactivity is concentrated 
over dense-cored vesicles. Biochemical studies have recently 
shown that BDNF in cortex is enriched in a vesicular fraction of 
synaptosomes (Fawcett et al., 1997). Our ultrastructural results 
are consistent with this work and indicate that dense-cored vesi^ 
cles are likely to be the primary site of BDNF storage. NGF 
treatment led to a massive increase of both mRNA and protein, 
with increased anterograde transport to central terminals. An- 
terograde transport of BDNF into the dorsal horn has also 
recently been reported by Zhou and Rush (1996), although the 
cell type responsible was not identified. Transport and axoden- 
dritic transfer of exogenous NT-3 has recently been reported in 
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the developing visual system (von Bartheld et al., 1996), and 
BDNF-immunoreactive terminals have been described in various 
CNS regions (Kawamoto et al., 1996; Conner et al., 1997; Yan et 
al., 1997), suggesting that , anterograde transport may be wide- 
spread. Goodman and colleagues (1996) have demonstrated that 
BDNF in cultured cells colocalizes with the secretory granule 
marker chromogranin A and is released from hippocampal den^ 
drites by a regulated pathway dependent on extracellular calciuin 
(Goodman et al., 1996). BDNF release has not been demon- 
strated in vivo, but our observations make it highly likely that 
BDNF can be released from primary afferent terminals in the 
dorsal horn. 

Our data on the effects of NGF are broadly in agreement with 
the recent study of Apfel and colleagues (1996) in showing that 
NGF upregulates BDNF mRNA in trkA-expressing DRG cells; 
however, there are some differences of detail. They observed no 
effect of chronic NGF treatment and interpreted the BDNF 
response as an acute reaction. In contrast, we observed that a ? 
week intrathecal NGF infusion had a much more potent effect, 
indicating not only the increased efficacy of the intrathecal route 
but also that the BDNF increase is maintained. Primary affererits 
presumably normally respond to NGF, acting at their peripheral 
processes, and so the intrathecal route is not like the situation j>z 
vivo. However, effects after intrathecal and intraperitoneal or 
local nerve application are qualitatively similar (this study; also 
see Verge et al., 1996), suggesting that the intrathecal route is 
appropriate for examining DRG responses to trophic factors. 

Apfel. and colleagues (1996) also report that BDNF mRNA is 
increased in non-trkA expressing cells and interpret thisas ja 
paracrine interaction. In contrast we saw no change in this cell 
group. Quantitative analysis of the increase in BDNF mRNA 
after NGF indicated that it was restricted to the trkA- 
immunoreactive subpopulation, as might be expected if it involves^ 
direct activation of trkA receptors. A similar analysis was not; 
performed after intrathecal NGF, so we cannot exclude the pos- 
sibility that the intrathecal route increased BDNF in some non- 
trkA cells. However, the extensive overlap observed between 
trkA and BDNF after intrathecal NGF makes it unlikely. 

Our data thus support neither an autocrine nor a paracrine role 
for BDNF within DRG, but do support a role as an anterograde, 
trophic messenger. Such a role has been described in late embry- 
onic development (Robinson et al., 1996) and may be maintained, 
or adapted, into adult life. Many trkA-expressing DRG cells are 
nociceptive, and increased NGF in inflammation has both acute 
and chronic effects on pain processing (McMahon, 1996; Woblf, 
1996). We have shown that exogenous NGF increases BDNF 
expression in trkA cells, and Cho et al. (1997) have recently 
shown that similar changes take place after peripheral inflamma-. 
tion. BDNF released from primary afferent terminals may there- 
fore play a key role in chronic pain states by modulating dorsal 
horn activity in various ways. Full length trkB receptors are 
present in the dorsal horn (G. J. Michael and J. V. Priestley, 
unpublished observations), and BDNF applied to the spinal cord 
increases c-fos and nitric oxide synthase in dorsal horn neurons 
(Bennett et al., 1996b). BDNF may also have effects on spinal 
cord anatomy and on expression of neurotransmitter receptors. 
These possibilities are being investigated. 
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Abstract 

To investigate the distribution of nerve growth factor (NGF) receptors on peripheral and central 
axons, [ 125 I]NGF was injected into the sciatic nerve or spinal cord .of adult rats. Accumulation of 
[ 125 I]NGF in lumbar dorsal root ganglia was monitored by gamma emission counting and radioau- 
tography. 

[ 125 I]NGF, injected endoneurially in small quantities, was taken into sensory axons by a saturable 
process and was transported retrogradely to their cell bodies at a maximal rate of 2.5 to 7.5 mm/hr. 
Because very little [ 125 I]NGF reached peripheral terminals, the results were interpreted to indicate 
that receptors for NGF are present on nonterminal segments of sensory axons. The specificity and 
high affinity of NGF uptake were illustrated by observations that negligible amounts of gamma 
activity accumulated in lumbar dorsal root ganglia after comparable intraneural injection of [ 12 -I] 
cytochrome C or [ 125 I] oxidized NGF. 

Similar techniques were used to demonstrate avid internalization and retrograde transport of 
[ 125 I]NGF by intraspinal axons arising from dorsal root ganglia. Following injection of [ 125 I]NGI? 
into lumbar or cervical regions of the spinal cord, neuronal perikarya were clearly labeled in 
radioautographs of lumbar dorsal root ganglia. 

Sites for NGF uptake on primary sensory neurons in the adult rat are not restricted to peripheral 
axon terminals but are extensively distributed along both peripheral and central axons. Receptors 
on axons provide a mechanism whereby NGF supplied by glia could influence neuronal maintenance 
or axonal regeneration. 



Nerve, growth factor (NGF) is necessary for the devel- et al, 1979), uptake has been demonstrated at or near 

opment and function of sensory neurons (Gorin and peripheral sympathetic and sensory terminals, but-the 

Johnson, 1979, 1980; Kessler and Black, 1980; Goedert possible existence of receptors on more proximal axonal 

et aL, 1981; Schwartz et al., 1982; Otten and Lorez, 1983); segments has not been examined systematically. In vitro, 

NGF, or a similar molecule, is released by Schwann cells [ 125 I]NGF has been shown by radioautography to bind to 

or other cells that are present within peripheral nerve cell bodies, neurites, and neurite terminals of cultured 

trunks (Burnham et al., 1972; Riopelle et al., 1981; Rich- sympathetic and dorsal root ganglion neurons (Kim/et 

ardson.and Ebendal, 1982). If NGF-like activity of en- al, 1979; Carbonetto and Stach, 1982; Rohrer and Barde, 

doneurial origin is physiologically important (Varon and 1982). From observations of [ 125 I]NGF uptake and trans- 

Bunge, 1978), receptors for NGF are to be expected in port in adult rats, we conclude that specific receptors for 

axonal membrane along the course of peripheral sensory NGF are found on peripheral sensory axons within the 

fibers. In previous studies of axonal internalization and sciatic nerve and also on spinal axons of primary sensory 

retrograde transport of [ 125 I]NGF in vivo (Hendry et al., neurons. 

1974: Stoeckel et al, 1975; Johnson et al., 1978; Dumas , „ , , 
Materials and Methods 
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sensory neurons (Riopelle and Cameron, 1981), maximal 
neurite outgrowth was obtained at approximately 70 pg/ 
ml of NGF. For radioiodination (Sutter et al., 1979), a 
mixture of Nal (5 /*Ci, Amersham Searle), NGF (5 f*g), 
hydrogen peroxide (5 pi of a 0.003% solution at 0 and 30 
min), and phosphate buffer (0.1 M, pH 7.4 to a total 
volume of 50 fd) were incubated for 1 hr at room 
temperature. Fifty microliters of cold 0.4% acetic acid 
and 200 to 400 /d of acetate buffer (0.5 M, pH 4.0) wit]? 
bovine serum albumin (1 mg/ml) and protamine sulfate 
(1 mg/ml) were then added, and the mixture was dialyzed 
for 36 to 48 hr against two or three changes of 0.05 M 
acetate buffer (pH 4.0). The efficiency of labeling was 50 
to 65%, and after dialysis >95% of gamma activity was 
precipitable with 10% trichloroacetic acid. Six prepara- 
tions of [ 126 I]NGF from two batches of NGF were used 
with final concentrations of 10 to 38 ng/^1 and specific 
activities of 34 to 84 cpm/pg (approximately 30 to 80 
fid/tig). For dose-response curves, [ 125 I]NGF was diluted 
with saline or mixed with unlabeled NGF, and final 
concentrations were verified with gamma counting. Cy- 
tochrome C (Sigma Chemical Co.) and NGF with two 
oxidized tryptophan residues (Cohen et al., 1980) were 
also radioiodinated by the lactoperoxidase technique. 
The final concentrations and specific activities were 12 
ng/^1 and 18 cpm/pg for [ 125 I] cytochrome C and 11 ng/ 
fxl and 14 cpm/pg for [ 125 I] oxidized NGF. Iodinated pro- 
teins were injected within 2 weeks of preparation. 

Injections. Female Sprague-Dawley rats weighing 150 
to 200 gm (Charles River Breeding Labs) were anesthe- 
tized with pentobarbital, and the sciatic nerve was ex- 
posed in the thigh. Through a glass micropipette con- 
nected to a Hamilton syringe and filled with mineral oil 
(Beitz and King, 1976), 1 pi of a given solution was 
injected into the sciatic nerve near the origin of the nerve 
to biceps femoris. In control experiments, injection was, 
if necessary, further distal, and the sciatic nerve was 
crushed with jeweller's forceps either at the site of injec- 
tion or 1.0 to 2.0 cm proximally. In two instances, the 
tibial, peroneal, sural, and biceps branches of the sciatic 
nerve were all cut at the time of injection to prevent 
[ l25 I]NGF from reaching sensory axon terminals. 

For intraspinal injections, laminectomies were per- 
formed with microsurgical technique at high cervical or 
high lumbar levels. After subdural injection of paraffin 
oil to prevent extravasation in the CSF, [ 12S I]NGF (or 
another 125 I-protein) was injected in two to four sites to 
a total volume of 2 to 4 jil. 

Counting of gamma activity. Four to 24 hr after injec- 
tion of [ 125 I]NGF, rats were anesthetized and perfused 
with 4% formaldehyde, 0.5% glutaraldehyde in phos- 
phate buffer. The fourth and fifth lumbar dorsal root 
ganglia (L4 and L5 DRG), identified by reference to the 
sacrum, were removed, and their gamma emission was 
counted in an LKB-Wallac 1270 Rackgamma counter. 

SDS-polyacrylamide gel electrophoresis. Twelve L4 or 
L5 DRG, collected 10 hr after intraneural administration 
of [ 125 I]NGF, were homogenized in an aqueous solution 
of 1% SDS and 2% 0-mercaptoethanol. The homogenate 
was concentrated to 0.3 ml by evaporation, heated to 
100°C for 5 min, and centrifuged. Fifty-microliter ali- 
quots of. the supernatant were electrophoresed with a 



discontinuous buffer system (Laemmli, 1970) and resolv- 
ing gel containing 12% polyacrylamide and 0.1% SDS. 
Each lane of the gel was cut into 10-mm slices which 
were counted individually. 

Radioautography. Selected DRG were fixed, osmicated, 
dehydrated, and embedded in plastic. Sections, 1 faa 
thick, were dipped in Kodak NTB-2 emulsion, stored in 
lightproof boxes for 1 month, developed with Kodak D~ 
19 solution, stained with toluidine blue, and mounted in 
glycerine. 

Results 

One hour after injection of [ 125 I]NGF (1 /d, 8 ng) into 
the sciatic nerve, 97% of the activity within the nerve 
was contained in a segment 1 cm long; at 12 hr, 96% of 
the intraneural activity (35% of the injected activity!) 
was recovered in a 3.5 cm segment of nerve (Fig. 1). 
These data delineate limits for diffusion of [ 125 I]NGF 
within the nerve. 

Eight or more hours after injection of [ 125 I]NGF into 
the sciatic nerve, significant gamma activity was con- 
sistently detected in ipsilateral L4 and L5 DRG (Fig. 2a). 
Small and variable amounts of gamma activity were also 
counted in L3 and L6 ganglia, but none was found in the 
lumbar spinal cord. Neither crushing the nerve at the 
site of injection nor isolating the nerve from its periph-: 
eral connections by sectioning distal branches changed^ 
the accumulation of activity in L4 and L5 DRG. Nerve . 
crush 1.5 to 2.0 cm proximal to the injection site com- 
pletely prevented gamma activity from reaching lumbar 
DRG (Table I); crush 1.0 cm, proximal blocked 90% of 
gamma activity from accumulating in L4 and L5 DRG. 
After injection of comparable amounts of [ 125 I]cyto : 
chrome C or [ l25 I] oxidized NGF, gamma activity in lum- 
bar DRG was not significantly higher than background. 
(Table I). These control experiments exclude diffusion 
along the nerve, hematogenous spread, and nonspecific 
uptake as spurious causes of labeling in DRG of expert 
mental rats. 

To determine the rate of transport of [ 125 I]NGF in the 
sciatic nerve, rats were sacrificed 4, 8, 12, 18, and 24 hr 
after intraneural injection in the thigh (Fig. 26). No 
activity reached L4 and L5 DRG in 4 hr; counts were 
maximal at 12 to 18 hr and fell by 24 hr. Given that the 
injection site was 3.5 cm from the 14 ganglion and that 
[ 125 I]NGF diffused 0.5 to 1.5 cm proximally, the rate of 
transport was estimated at 2.5 to 7.5 mm/hr for the 
fastest particles. 

In another group of rats, a dose-response curve was 
obtained by injecting different quantities (0.1 to 74 ng in 
1 fxl) of [ 125 I]NGF into the sciatic nerve and counting 
activity in L4 and L5 DRG after 11 hr (Fig. 2c). Double 
reciprocal analysis of data (inverse of accumulation ver- 
sus inverse of injection) indicated a saturable process 
with maximal accumulation per DRG of 29 pg (1.1 fmol) 
and half-maximal uptake at 4 ng (0.2 pmol) (Fig. 2d). 
The true maximal accumulation is, perhaps, slightly 
higher because accumulation was 38 pg in one series of 
rats injected with freshly dialyzed [ 125 I]NGF. The 
amounts of NGF injected were insufficient to study 
probable additional uptake at lower affinity (Dumas et 
al., 1979). 
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Figure 1. Activity in segments, 5 mm long, of the sciatic nerve 12 hr after 
injection of [ 126 I]NGF (1 fd, 8 ng, 500,000 cpm) into nerve in upper thigh. 
mean value per segment in two injected nerves; O, mean total activity in L4 and 
L5 DRG. Thirty-seven percent of injected activity was recovered in the nerve 
and two DRG at 12 hr. Very high counts near the site of injection indicate the 
extent of diffusion; negligible counts in distal segments show lack of anterograde 
axonal transport; moderate counts in proximal segments and DRG are compatible 
with retrograde axonal transport. 



After SDS-polyacrylamide gel electrophoresis, 77% of 
the recovered gamma activity migrated in the penulti- 
mate slice before the front as did a standard molecule of 
molecular weight — 14,400 (a-lactalbumin). This infor- 
mation is compatible with previous evidence that NGF 
is transported retrpgradely in an intact form (Hendry et 
at., 1974; Stoeckel et al., 1975; Johnson et al., 1978; 
Dumas et aL, 1979). 

In radioautographs of L4 and L5 DRG, label was 
concentrated in neurons rather than non-neuronal cells 
or the extracellular space. Neurons of all sizes were 
labeled and, in some ganglia, more than a third of neu- 
rons contained 10 or more grains. 

Uptake from lumbar spinal cord. Very little [ 125 I]NGF 
diffused into L4 and L5 spinal roots after lumbar intra- 
spinal injection. In one such rat, 10 hr after injection, 
the total activity in a 1 cm segment of the spinal cord at 
the site of injection was 218,000 cpm, and the average 
activities in consecutive 5-mm segments of the L4 and 
L5 roots were 1721, 543, 240, 255, and 386 cpm. Thus, 
injection of [ 125 I]NGF into the lumbar spinal cord did 
not result in a large pool of activity in the lumbar spinal 
roots. 

After intraspinal injection, as after intraneural injec- 
tion, [ 125 I]NGF was consistently recovered from L4 and 
L5 DRG (Fig. 3a). In radioautographs, activity was con- 
centrated in neurons. Accumulation was prevented if 
dorsal roots were crushed or avulsed at the time of 
injection (Table I). Twelve hours after injection of [ 125 I] 
cytochrome C, the mean activity in L4 and L5 DRG 
averaged 8 cpm above background. 

The time course of accumulation of [ 125 I]NGF in lum- 



bar DRG after injection into the lumbar spinal cord (Fig. 
36) showed insignificant activity at 4 hr, peak counts at 
12 hr, and some loss from the ganglia by 24 nr. As the 
L4 and L5 dorsal roots are 2.5 to 3-0 cm long, these data 
are compatible with maximal retrograde axonal transport 
at 3.1 to 7.5 mm/hr. 

A dose-response curve (Fig. 3c) and double reciprocal 
plotting of data (Fig. 3d ) again suggested saturable up- 
take with maximal accumulation of 14 pg (0.5 fmol)/ 
DRG and half-maximal uptake with 14 ng (0.5 pmol). 

Uptake from high spinal levels. In a total of 11 rats 
(Table II), [ 126 I]NGF from four preparations was injected 
into the dorsal columns and dorsal column nuclei at the 
craniocervical junction. Subsequently, mean accumula- 
tion per lumbar DRG was 0.5 to 1.3 pg in the four groups. 
In radioautographs of DRG in one well labeled animal, 
approximately 6% of neurons were labeled (Fig. 4). 
Counts in lumbar DRG after cervical injection of [ 125 I] 
cytochrome C did not exceed background. 

Following injection of [ 125 I]NGF into the midthoracic 
spinal cord (32 ng in 3 /d), the accumulation per lumbar 
DRG (0.8 ± 0.1 pg) was similar to that after cervical 
injection of the same batch of [ 125 I]NGF. The uptake was 
unchanged by deliberate injury to the spinal cord im- 
mediately rostral to the site of injection. 

Discussion 

NGF uptake by peripheral axons. NGF receptors are 
deduced to be present along the course of normal sensory 
axons in the sciatic nerve because the intraneuronal 
accumulation of [ l25 I]NGF injected into the endoneurium 
cannot be entirely explained by diffusion to peripheral 
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Figure 2, a, Diagram illustrating experiments in wbich [ 125 I]NGF was injected 
into the sciatic nerve in the upper thigh and gamma activity was subsequently 
counted in L4 and L5 DRG. 6, Accumulation of NGF in L4 or L5 DRG of rats 
sacrificed O to 24 hr after, injection of ,[ 12S I]NGF (1 >1, 11 ng) into sciatic nerve in 
upper thigh. The mean ± SEM for 12 ganglia (6 nerves) is expressed as a 
percentage of the accumulation at 12 hr. c, Accumulation of NGF in L4 or L5 
DRG of rats sacrificed 11 hr after injection of 0.3 to 74 ng of [ 125 I]NGF (1 fd) 
into sciatic nerve in upper thigh. A mixture of labeled and unlabeled NGF was 
used for the highest concentration; serial dUutions of .[ 125 I]NGF were used for all 
other points. Data are the mean ± SEM (picograms per DRG) for 12 to 16 ganglia 
and 6 to 8 nerves, d, Double reciprocal plot of data in c. The reciprocal of the y 
intercept = the maximal amount of, [ l25 I] NGF accumulated per DRG by high 
affinity system = 29 pg (1.1 fmol). The reciprocal of the x intercept = the amount 
of injectedl l25 I]NGF yielding half-maximal saturation = 4 ng (0.2 pmol). 

sympathetic axons. NGF receptors were specific in their 
recognition of injected molecules and in their distribution 
among types of axons. [ 125 I] Cytochrome C and [ 125 I] 
oxidized NGF were not taken up at high affinity as was 
[ 12ft I]NGF; somatic motor axons did not internalize and 
transport [ 125 I] NGF as did sensory axons (and, presum- 
ably/sympathetic axons). Although [ 12r, I]NGF accumu- 
' lated in large and small neurons in DRG, it is not known 
whether axonal membrane on all dorsal root ganglion 
neurons is equally responsive to NGF. The maximal rate 
of retrograde axonal transport of NGF in sensory axons 
was found to be slightly slower than previously calculated 
(Stoeckel et al., 1975) but similar to that for NGF in 
sympathetic axons (Hendry et al., 1974) and for other 
proteins in general (Graf stein and Forman, 1980). 

Quantitative considerations. The amounts of NGF ac- 
cumulating in sensory ganglia after intraneural injection 
and in sympathetic ganglia after intraocular injection 
are similar, as are the amounts of injected NGF necessary 



TABLE I 

Comparison of mean accumulation per DRG in one experimental group 

and three control groups after intraneural injection, and in one 
experimental group and two control groups after intraspinal injection 
Activity in L4 and L5 DRG was counted 12 to 24 hr after injection 

Injection into Injection into 

Sciatic Nerve Lumbar Spinal Cord 





Injection Accumulation 


Injection 


Accumulation 




cpm 


cpm/DRG 


cpm 


cpm/DRG 


[ iafl I]NGF 


500,000 . 


1071 


700,000 


409 


[ 12S I]NGFwith nerve 


500,000 


3 


1,800,000 


6 


or root crush 










[ m I]CytochromeC 


400,000 


; 5 


800,000 


8 


[ m I]Oxidized NGF 


300,000 


3 







receptors or by injury of axons at the time of injection. 
Indeed, it was originally reported (Hendry et al., 1974), 
although not subsequently emphasized, that intact ter- 
minals are not necessary for NGF internalization by 
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Figure 3. a, Diagram illustrating experiments in which [ 12S I]NGF was injected 
into lumbar spinal cord and gamma activity was subsequently counted in L4 and 
L5 DRG. 6, Accumulation of NGF in L4 or L5 DRG in rats sacrificed 0 to 24 hr 
after injection of [ 125 I]NGF into the lumbar spinal cord. Two preparations of 
NGF were. injected: O, 40 ng in 4 fd; •,.100 ng in 3 pi The mean ± SEM for 
16 ganglia (4 rats) is expressed as a percentage of the accumulation at 12 hr. c, 
Accumulation of NGF in L4 or L5 DRG in rats sacrificed 12 hr after injection of 
[ 125 I]NGF (4^1) into the lumbar spinal cord. O, Three different batches of [ 125 I] 
NGF were used Data are the mean ± SEM (picograms of [ 12ft I]NGF per. DRG) 
for 16 gangha (4 rats). A mixture of labeled and unlabeled NGF was used for the 
highest concentration; serial dilutions of [ 125 I]NGF were used for all other points. 
d, Double reciprocal plot of data in c. The reciprocal of the y intercept = the 
maximal amount of [ 125 I]NGF accumulated per DRG by high affinity system— 
14 pg (0.5 fmol). The reciprocal of the x intercept = the amount of injected [ 125 I] 
NGF yieiding half-maximal saturation = 14 ng (0.5 pmol). 

be very approximately estimated at 10,000/mm length of 
each sensory axon if it is assumed that [ 125 I]NGF Teach- 
ing the L4 or L5 DRG is taken up by 6000 axons over a 
10-mm segment of nerve, that each receptor internalizes 
one molecule of NGF only, and that recycling of receptors 
is negligible during a few hours. The dissociation-equilib- 
rium constant (K d ) of axonal receptors cannot be calcu- 
lated precisely from these data because the concentration 
of [ 12ft I]NGF at the axonal-membrane after endoneurial 
injection is unknown. It remains to be proved that NGF 
receptors with K d in the order of 10~ n M are present on 
adult rat axons as on embryonic chick neurons (Sutter 
et al., 1979; Riopelle et al. s 1980). 

The finding of NGF receptors along the course of 
peripheral sensory axons suggests that NGF released by 
endoneurial cells might have local paracrine effects. 
However, the amount of injected [ 125 I]NGF yielding half- 
saturable uptake in sensory axons (4 ng) is two orders of 




TABLE II 
Cervical injection of [™I]NGF 
Results of four experiments (11 rats) in which [ l25 I]NGF was injected 
into the dorsal columns and dorsal column nuclei at the bulbospinal 
junction. Gamma activity in L4 and L5 was consistently above back- 
ground levels^ 



. . Hours to 

Injection Sacrifice 



nt? fit pg/DRG ± SEM 

20 2 18 0.6 ±0.1 

32 3 24 0.6 ±0.1 

42 2 24 0.8 ±0.1 

53 2 24 1.3 ±0.2 



for half-maximal uptake (Johnson et aL, 1978). The 
maximal accumulation and half-saturation point of the 
dose-response curve are assumed to reflect the density 
and affinity of axonal receptors for NGF (Dumas et aL, 
1979). The density of receptors in the sciatic nerve can 
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W^gure 4. Light- arid darkfield radioautographs of L5 DRG in a rat sacrificed 24 hr after injection of [ 125 I]NGF {2 ^i0MS^ 
^Sj^cpm) into dorsal column nuclei ajn^ columns. Labeling in one neuron is well above backgr|iurjt^^ 

%s£al&0CLr = 10 jam). 



^a^ifeude greater than the estimated content of NGF- 
jj^}'activity per centimeter length of normal rat sciatic 
^ii^p^pbendal arid Richaxdson;, 1983). Quantitative 
^oaO^iis of endogenous ligand-receptor interactions 
^W^'kriowledge of the distribution of NGF-like activity 
s8t$m the endoneurium and the deployment of NGF 
jl^ceglprs on axonal membrane of nodal and internoijal 
^Jp^nts. 

^WMlF uptake by spinal axons. Previous evidence that 
feciptors for NGF are present within the -;ceniipd- : ne^piis 
4s|s^£n (Frazier et al, 1974; Schwab et al, 1979) is 
||j^piborated by the finding of labeled neurons in ra- 
•fibantographs of lumbar DRG after cervical injection of 
p^llSF (Fig. A). In other words, ensheathment by 

S^yScin cells is not a necessary condition for the 
ipaSpstation of NGF receptors. THe apparent difference 
lk?affiiuties of NGF uptake from the lumbar spinal cord 
fai^Hie sciatic nerve is probably due to a larger volume 
:ofyc[t^sion in the spinal cord rather than to different 
pU$|6iciation equilibrium constants for spinal and periph- 
^M ^ceptors. Sites for NGF internalization could be on 
temmai or nonterminal regions of spinal axons, and 
tbeir density per unit area of axon membrane in the 



spinal cord could be equal or less to that in;p|g|®e^L 
nerves. The function of NGF receptors in tHe.niam^ 
nance and regeneration (Richardson et al., 198$^sen* 
sory axons in the spinal cord is unknown. 
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Time-Resolved Signaling Pathways of Nerve Growth Factor 
Diverge Downstream of the pl40trk Receptor Activation 
Between Chick Sympathetic and Dorsal Root Ganglion 

Sensory Neurons 
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Department of Molecular Neurobiochemistry; Ruhr-Universitdt Bochum, Bochum, Germany 



Abstract We have recently shown that the small GTP 
binding protein p21 ras is essential for nerve growth factor 
(NGF)-mediated' survival of peripheral embryonic chick, 
dorsal root ganglia (DRG) sensory but not sympathetic 
neurons. To investigate at which level of the signaling 
cascade the pathways diverge, we have studied the time- 
resolved pattern of NGF-stimulated tyrosine phosphory- 
lation of proteins within 4 h after addition of the neuro- 
trophin. In both chick sympathetic neurons [embryonic . 
day (E) 12] and DRG sensory neurons (E9) NGF induces . 
within 1 min the autophosphorylatipn of the receptor tyro- 
sine kinase pUOtrk. However, the pattern of substrate , 
protein tyrosine phosphorylation downstream of p140trk^ 
is distinctly different in both neuronaj subtypes. In sympa- : 
thetic neurons, we observe within 1 min the tyrosine 
phosphorylation of a new substrate protein, p1G5, reach- 
ing maximal levels at 3 mjn. Tyrosine phosphorylation of 
p1 05 remains elevated for up to 4 h. Subsequent to p105, 
NGF induces the tyrosine phosphorylation of p42, a pro- 
tein belonging to the family of mitogen-activated prqtejn 
(MAP) kinases. This stimulation is transient, reaching 
maximal levels at 10 min and returning to very low levels 
already after 2 h. in DRG sensory neurons, tyrosine phos- 
phpi^iatiprvpf ^p1 05 is weak and very short Jived, disapt , 
pearing already after treatment with NGF for 10 min. |n ! 
contrast, activation of MAP kinase p42 in DRG sensory 
neurons is more stable than in sympathetic neurons. All 
NGF-stimulated tyrosine phosphorylation events were ir* 
hibited by preincubation of neurons with the tropomyo- 
sin-related kinase (trk) inhibitor K252a. We suggest the 
working hypothesis that persistent tyrosine phosphoryla- 
tion of p105 may play a role in the p2i ras-independent 
NGF survival pathway of chick sympathetic neurons. Key 
Words: Chick sympathetic neurons — Chick dorsal root 
ganglia sensory neurons — Nerve growth factor signal- 
transduction— Protein tyrosine phosphorylation— Tro- 
pomyosin-related kinase receptor — Mitogen-activated 
protein kinase. 

J, Neurvchem. 65, 1046-1053 (1995). 



Nerve growth factor (NGF) belongs to the family of 
neurotrophins specifically interacting with the receptor 



tyrosine kinase pl40trk and with the low-affinity rer 
ceptorp75 (see, for review, Meakin and Shooter, 1992; 
Chao, 1992; Barbacid, 1 993 ). Recent gene knock-out 
experiments on NGF and on the tyrosine kinase do-, 
main of its pl40trk receptor have confirmed that NGF 
activity is essential for the survival of peripheral sym- 
pathetic and certain types of sensory neurons involved 
in pain transmission (see, for review, Snider, 1994), 
The p?5 low-affinity NGF receptor binds- to all neuron , 
trophins and appears to modulate the pl40trk receptpr 
activity at limiting concentrations of the NGF HganqV 
(Barker and Shooter, 1994). In addition, an intrinsic 
p75 receptor signaling mechanism involving activation 
of the sphingomyelin cycle has been described recently , 
(Ddbrowsky et al., 1994). : , 

As with other tyrosine kinase receptors, aggregation 
and tyrosine autophosphorylation of tropomyosin-rer 
lated kinase (trk) receptor are essential to initiate the 
various signaling mechanisms of NGF (Jing et al, 
1992; Clary et al., 1994). The subsequent steps of 
intracellular signaling events (see, for review, Heu- 
mann, 1994; Saltiel and Decker, 1994) have, been ex- 
tensively studied in transformed rat pheochromocy- 
toma PC12 cells, which- differentiate into sympathetic 
neuron-like cells on long-term exposure to NGF 
( Greene and Tischler, 1976) . The autophosphorylatipn 
of the trk receptor opens binding sites for the sre Ho- 
mology region 2 (SH2) domains of the SHC protein 
(Obermeieretal., 1994; Ohmichi etal., 1994; Stephens 
et al, 1994), the p85 regulatory subunit of phosphati- 
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dylinositol-3 kinase (Ohmichi et al., 1992a; Soltoff et 
al„ 1992) and of phospholipase C-y\ (Vetter et al;, 
1991; Obermeier et al., 1994; Stephens et al., 1994). 
During this process these, proteins become phpsphoryr 
lated on tyrosine residues themselves, and additional' 
SH2 domain proteins are recruited to the membrane. 
After Grb2-mediated membrane recruitment (Hashi- 
moto et al., 1993; Basu et al., 1994), the p2tras ex- 
change factor mSOS is thought to activate in turn 
p2 1 ras protein, an inner membrane-bound, protein osr 
dilating between the inactive GDP-bound and the sigr 
naling-competent GTP-bound conformation (see, for , 
review, Boguski and McCormick, 1993); Other mem- 
brane-recruited proteins belong to the family of theraf i \ 
serine/threonine kinases or mitogen- activated protein 
(MAP).. kinase kinase (MEK) kinases (Oshima et;ah, , 
1 991; -Ohmichi -et al.; 19926; Jaiswal et al., 1994; . 
Lange-Carter and Johnson, 1994; Vaillancourt ct al, 
1994). Subsequently, these proteins induce the phos- 
phorylation of MEK arid finally MAP kinase (Boultdn 
etal., 1991; Ahn etal., 1992; Lloyd and Woolen, 1992; 
Qiu et a!., |992; Thomas et al., 1992; Wood et al^, 
1992). p21ras activity and MEK 1 activity have re- , 
cently been shown to be essential for the induction of 
neurite outgrowth in .PC 1 2 cells .( Hagag et al., 1986;> 
Szeberenyi et ai., 1990; Cowley et al., 1994). : ■ . 

Although the.elucidation of the mechanisms leading 
to neurite outgrowth' in PC 12 cells is progressing well; ; 
surprisingly little is known about the sequence of. 
events coupled to neurite outgrowth and survival in 
postmitotic neurons. As an initial approach we have 
shown previously that activated p2lras protein pro- r 
motes neurite outgrowth and survival in embryonic 
chick dorsal root gangiia (DRG ) sensory but not sym- 
pathetic neurons (Borasio etal., 1989, 1993), Measur- 
ing the time-resolved NGF -stimulated tyrosine phos- 
phorylation of proteins in these peripheral neural crest- \ 
derived subtypes of neurons, we describe here the 
common activation of pl40trk and divergent down- 
stream signaling pathways. 

MATERIALS AND METHODS 
Materials 

NGF from adult male mouse submaxillary glands was 
purified as described (Suda et al, 1978) and kindly provided 
by H. Rohrer (Frankfurt, Germany). Recombinant human 
NGF and NT3 were gifts of Genentech (San Francisco, CA, 

u.s.a.). ';. 

Plastic dishes were from Nunc (Wiesbaden, Germany), 
Ham's F14 medium and horse serum were obtained from 
GIBCO (Eggenstein, Germany). Nonidet P-40 was pur- 
chased from Boehringer (Mannheim, Germany). Sodium , 
deoxycholate and sodium dodccyl sulfate (SDS) were ob- 
tained from Serva (Heidelberg, Germany ). Anti-phosphoty- 
rosine monoclonal antibody 4GI0 and anti-MAP kinase R2 
antiserum were purchased from UB1 (Lake. Placid. NY, 
U.S.A.), Anti -irk rabbit antiserum was purchased from On- 
cogene Science (Uniondale, NY, U.S.A.). The enhanced 
chcmiluminescence detection system (ECL) and Hypcrfilm- 



ECL were obtained from Amersham (Braunschweig, Ger- 
many). All other reagents were from Sigma (Deisenhofen, 
Germany) . 

Cell culture 

Chick embryonic sensory DRG neurons [embryonic day 
(E) 9 J and sympathetic neurons (El 2) were isolated from 
the corresponding ganglia. at the indicated ages and cultured 
using previously described methods (Lindsay et al, 1985). 
After trypsinization and dissociation, the cell suspension was 
preplated as described to remove fibroblasts. and glial cells. 
The neuron-enriched cell suspension was plated /at Nunc 
Petri, dishes that had,been coated, with. poly^L-lysine hydro- ' 
bromide (70-150 kDa.)..The cultures were maintained with 
FI4 medium containing 10% heat- inactivated horse senirn 
at 37°C and 2.5% CQ 2 in a humidified environment. • 

Two hours after plating NGF was added at a concentration 
of 10 ng/ml. For some experiments, neurons were preincuf 
bated for 10 min with the trk kinase inhibitor K252a at a 
concentration of I jjM. 

Cell lysis ' 

Cells were washed two times with Ca 2+ /Mg 3h Tfree phos-/ 
phate-buffered saline and lysed in a small volume of lysis 
buffer |50 mM Tris-HCI (pH 7.4), 150 mMNaCl, 40 mM 
NaF, 5 mM EDTA, 5 mAf EGTA, I mM sodium orthovanaT 
date, 1% (vol/vol) Nonidet P-40, 0.1% (wt/vol) sodium 
deoxycholate, 0.1% (wt/vol) SDS, 1 mM phenyl methyl siil- 
fony I fluoride, and 10 /zg/ml of aprotinin] using a rubber 
policeman. Lysates were centrifuged for . 5 min at *l 6,000 g 
and 4°C. The supernatant was immediately used for experi- 
ments or frozen at -80°C. 

SDS-polyacrylamide gel electrophoresis (PAGE) 

Three volumes of lysate were mixed with I volume of 
fourfold concentrated sample buffer according to the proce- 
dure of Laemmli (1970) and heated for 5 min-.at 95-C. . 
Proteins in samples together with molecular mass marker- 
proteins were separated on SDS-polyacrylamide gels pre- 
pared by the method ' of Laemmli ( 1970). If not otherwise 
indicated, the slab gels ( 1.5 mm thick ) consisted of a 3% 
stacking gel (10 mm long) and an 8% separating gel ('50' 
mm long). 

To analyze the phosphorylation state of MAP kinase p42, 
we used low-cross-linker SDS-polyacrylamide gels ( 1 .5 mm 
thick), consisting of a 5% stacking gel (15 mm long) and . 
a 15% separating gel (120 mm Jong). 

Immunoblot analysis 

Subsequent to SDS-PAGE, proteins were electrotrans- 
terred onto nitrocellulose membranes for 2 h at 100 V .in 
buffer containing 25 mM Tris, 192 mM glycine, 20% (vol/ 
vol) methanol, and 0.01% (wt/vol) SDS. Proteins on blots 
were stained with Ponceau S (Nakamura et al., 1985), to 
ascertain that comparable amounts of protein were loaded 
in each lane. The nitrocellulose sheets were blocked with 1% 
(wt/vol) nonfat dry milk, reacted with the primary antibody 
followed by reaction with the second antibody coupled to 
horseradish peroxidase. Detection of proteins was performed 
using the ECL detection system. 

Immunoprecipitation analysis 

One volume of lysate was diluted with 3 volumes of wash- 
ing buffer |50 mM Tris-HCI (pH 7.9), 137 mM NaCl, 1 
mM sodium orthovanadate, 10% (vol /vol) glycerol, and 1% 
(vol/vol) Nonidet P-40]. Diluted lysates were incubated 
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FIG. 1. Tyrosine phosphorylation of <p140trk in NGMreated , 
sympathetic neurons: inhibition by the trk inhibitor K252a. Chick 
sympathetic neurons (E1 2) were not .treated- (lanes 1 and 5);pr . 
treated with 10 ng/mlof NGF for 1 (lane 2), 5 (lane 3), 3 (lane \ 
6), 10; (lane 7), 'or. 30 min (lane 8). For lane 4; sympathetic 
neurons were pretreated with 1 fjM K252a for 10 min, followed * 
by incubation with 10 ng/ml of NGF for 1 min., Lanes 1-4 and 
5-8 werederived from two independent experiments,- Cells were 
lysed, and trk, proteins in the lysate were immunoprecipitated : 
using anti-trk. antiserum. Proteins in immunoprecipitates were 
subjected to SDS-PAGE. After transfer to nitrocellulose, blots 
were reacted with anti-phosphotyrosine monoclonal antibody. , 
Horizontal upper arid lower bars indicate the position of 205- 
and 116-kDa molecular mass standard proteins, respectively. 
The arrow on the right points to the position of tyrosine-phos- 
phorylated protein p140trk. The broad bands represent antibody 
heavy chains in the immunoprecipitate. 



with anti-trk antiserum for 4 h, followed by incubation with 
protein A-Sepharose CL-4B beads .for 2 h. After centrifuga- 
tion the beads were washed three times with washing buffer 
and heated for 5 min at 95°C in sample buffer according 
to the procedure of Laernnili (1970). Immunoprecipitated 
proteins were separated by SDS-PAGE V and imniunoblot 
analysis wim anti-phosphotyrosine monoclonal antibody was* 
performed as described before. All experiments were re- 
peated two or three times with similar results. 

RESULTS 

NGF-stimulated tyrosine phosphorylation of 
pl40trk in cultured chick sympathetic and DRG 
sensory neurons 

We used a combined immunoprecipitation-immu- 
noblot approach to analyze the NGF-stimulated tyro- 
sine phosphorylation of trk in primary neurons. Trk 
proteins were irnrnunoprecipitated from Jy sates of 
NGF-treated sympathetic neurons followed by immu- 
noblot analysis using an anti-phosphotyrosine mono- 
clonal antibody. As can be seen in Fig. 1, tyrosine 
phosphorylation of pl40trk was detectable after stimu-; 
lation of sympathetic neurons with NGF for 1 min. 
Treatment with NGF for longer times (up to 30 min) 
resulted in similar levels of tyrosine phosphorylation 
of pl40trk (see Fig. 1 ). As expected, NGF-stimulated 
tyrosine phosphorylation of pl40trk could be pre- 
vented by preincubation of sympathetic neurons with; 
the trk inhibitor K252a (see Fig. 1). 

Similarly, tyrosine phosphorylation of pl40trk was 
observed within 1 min after addition of NGF to chick 
DRG sensory neurons (Fig. 2). Tyrosine phosphoryla- 
tion of p!40trk could be inhibited by preincubation of 



DRG sensory neurons with the trk inhibitor K252a 
(see Fig. 2). 

Time-resolved NGF-stimulated tyrosine 
phosphorylation of a novel protein p 1 05 in 
cultured chick sympathetic and DRG sensory 
neurons ,• 

We have developed a sensitive method to analyze; 
the tyrosine phosphorylation of proteins in ~5O,OQ0 
cultured primary neurons. Cells were lysed in a small 
volume of lysis buffer, and soluble proteins were char- 
acterized by immunoblotting using a sensitive and spe- 
cific monoclonal anti-phosphotyrosine antibody fair, 
lowed by a horseradish peroxidase-rconjugated second 
antibody and an enhanced chemi luminescence detec- 
tion system. 

NGF induced the rapid tyrosine phosphorylation of 
two proteins in chick sympathetic neurons. .A protein 
with an. apparent molecular mass of 105 kDa (pJ05j 
became tyrosine-phosphorylated already within 1 min, . 
with phosphorylation peaking at 3 min after exposure, 
to NGF (Fig. 3). On prolonged treatment with NGF, 
tyrosine phosphorylation of pl05 remained stable. and 
declined moderately between 2 and 4 h, the longest 
interval measured (Fig, 4). Preincubation of sympa T 
thetic neurons with the trk inhibitor K252a ( see, for 
review, Knusel and Hefti, 1992) inhibited the tyrosine 
phosphorylation of p!05 (see Fig. 3). Recombinant 
NGF stimulated the tyrosine phosphorylation of p I Q5 
at the same concentration as did NGF from mouse 
submaxillary glands (data not shown). 

In DRG sensory neurons, NGF induced the. weak 
and transient tyrosine phosphorylation of a protein with 
an apparent molecular mass of 1 05 kDa ( Fig. 5 ) . Max- 
imal tyrosine phosphorylation of p 105 was observed 
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FIG. 2. Tyrosine phosphorylation of p140trk in NGF-treated . 
DRG sensory neurons: inhibition by the trk inhibitor K252a. Chick 
DRG sensory neurons (E9) were not treated (lanes i and 4) or 
treated with 10 ng/ml of NGF for 1 (lanes 2 and 5) or 5 min (lane 
6). For lane 3, DRG sensory neurons were pretreated with 1 
K252a for 10 min, followed by incubation with 10 ng/ml of NGF 
for 1 min. Lanes 1 -3 and 4-6 were derived from two indepen- 
dent experiments. Cells were lysed, and trk proteins in the lysate 
were immunoprecipitated using anti-trk antiserum. Proteins in 
immunoprecipitates were subjected to SDS-PAGE. After transfer 
to nitrocellulose, blots were reacted with anti-phosphotyrosine 
monoclonal antibody. Horizontal upper and lower bars jndicate 
the position of 205- and 1 16-kDa molecular mass standard pro- 
teins, respectively. The arrow on the right points to the position 
of tyrosine-phosphorylated protein p140trk. The broad bands 
represent antibody heavy chains in the immunoprecipitate. 
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FIG. 3. Tyrosine phosphorylation of - proteins in NGFrtreateti 
sympathetic neurons: short time course and inhibition by the 
trk inhibitor K252a. Chick sympathetic neurons (E12) were not 
treated. (lanes 1 and 7): or treated with 10 ng/rril of NGF for 1 
(lane 2), 3 (jane 3), 10 (lane 4), or 30 min (lane 5). For lane 6, 
sympathetic neurons were pretreated with 1 )M K252a for 10 
min, followedby incubation with. 10 ng/ml of NGF for 10 min. 
Cells were lysed, and proteins in the lysate were subjected, to 
SDS-PAGE. After transfer to nitrocellulose, blots were reacted 
with anti-phosphotyrosine monoclonal antibody. Arrows on 'the 
right indicate the position of tyrosine-phpsphorylated proteins 
p105 and p42. 
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FIG. 5. Tyrosine phosphorylation of proteins in NGF-treated 
DRG sensory neurons: short time course and inhibition by the 
trk inhibitor K252a. Chick DRG sensory neurons (E9) were not 
treated (lane 1 ) or treated with 10 ng/ml of NGF for 1 miri {lane 
2), 3 min (lane 3), 10 min (lane 4), or 30 min (fane 5). For lane 
6, DRG sensory neurons, were pretreated . with 1 fjM K252a for . 
10 min, followed by incubation with 10 ng/ml of,NGF;for 10 min. 
Cells were lysed, and.proteins in the lysate were subjected to 
SDS-PAGE. After transfer to nitrocellulose, blots were reacted 
with anti-phosphotyrosine monoclonal antibody. Arrows on the 
right indicate the position of tyrpsine-phosphorylated proteins 
p105 and p42. 



after treatment with NGF for 3 min. In contrast to 
sympathetic neurons, tyrosine phosphorylation of pi 05 
was hardly detectable after treatment of DRG sensory 
neurons with NGF for 10 min (see Fig. 5). 

Time-resolved NGF-stimulated tyrosine 
phosphorylation of protein p42 in sympathetic 
and DRG sensory neurons 

After stimulation of sympathetic neurons with NGF 
for 3 min, we observed the tyrosine phosphorylation 
of a protein with an apparent molecular mass of 42 
kDa (p42) (see Fig. 3). Tyrosine phosphorylation of 
p42 in sympathetic neurons was maximal after treat- 
ment with NGF for 10 min. Between 10 and 30 min 
after stimulation with NGF the amount of tyrosine- 
phosphorylated p42 started to decrease, to barely de T 
tectable levels after 4 h (see Fig. 4). Preincubation 
of sympathetic neurons with the' trk inhibitor K252a 



prevented the NGF-dependent tyrosine phosphoryla- 
tion of p42 (see Fig. 3). Recombinant NGF stimulated 
the tyrosine phosphorylation of p42 at the same con- 
centration as did NGF from mouse submaxillary glands 
(data not shown). 

As in the. case with sympathetic neurons, treatment 
of DRG sensory neurons with NGF for 3 min induced . 
the tyrosine phosphorylation of a protein with a molec- 
ular mass of 42 kDa (p42) (see Fig. 5). Tyrosine 
phosphorylation of p42 was maximal after treatment 
with NGF for 10 min and remained constant for ~1 
h. Longer incubation times of DRG sensory neurons 
resulted in a decrease in the tyrosine phosphorylation 
of p42, but the level was still elevated after treatment 
with NGF for 4 hours (Fig; 6). Preincubation of DRG 
sensory neurons with the trk kinase inhibitor K252a 
prevented the NGF-stimulated tyrosine phosphoryla- 
tion of p42 (see Fig. 5). 
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FIG. 4. Tyrosine phosphorylation, of proteins in NGF-treated 
sympathetic neurons: long time course. .Chick sympathetic neu- 
rons (E12) were not treated (lanes 1 and 7) or treated with 10 
ng/ml of NGF for 10 min (lane 2), 30 min (lane 3), 1 h (lane 4), 
2 h (lane 5), or 4 h (lane 6). Cells were lysed, and proteins in 
the lysate were subjected to SDS-PAGE. After transfer to nitro- 
cellulose, blots were reacted with anti-phosphotyrosine mono- 
clonal antibody. Arrows on the right indicate the position of tyro- 
sine-phosphorylated proteins p105 and p42. 




FIG. 6. Tyrosine phosphorylation of proteins in NGF-treated 
DRG sensory neurons: long time course. Chick DRG sensory 
neurons (E9) were not treated (lane 1 ) or treated with 10 ng/ml 
of NGF for 10 min (lane 2), 30 min (lane 3), 1 h (lane 4), 2 h 
(lane 5), or 4 h (lane 6). Cells were lysed, and proteins in the 
lysate were subjected to SDS-PAGE. After transfer to nitrocellu- 
lose, blots were reacted with anti-phosphotyrosine monoclonal 
antibody. The arrow on the right indicates the position of tyro- 
sine-phosphorylated protein p42. 
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FIG. 7. Identification of pp42 as a tyrosine-phosphorylated mXp, 
kinase in NGF-treated sympathetic neurons. Chick sympathetic 
neurons (E12) were not treated (lanes 1 and 7) or treated with 
10 ng/ml of.NGF for 1 (lane 2), 3 (lane 3), 10 (lane 4). or 30' 
min (lane 5). For lane 6, sympathetic neurons were pretreated 
with 1 K252a for 10 min, followed by incubation with 10 ng/ 
ml of NGF for 10 min. Cells were lysed, and proteins in the lysate 
were subjected to SDS-PAGE on large low-cross-linker gels and 
transferred to nitrocellulose. A: The blot was incubated with anti- 
MAP kinase antiserum. B: After removal of bound antibodies' 
the blot was reincubated with anti-phosphotyrosine monoclonal 
antibody. Arrows on the right indicate the position of shifted 
tyrosine-phosphorylated MAP kinase p42 (pp42) and the pbsi- *■ 
tion of unshifted unphosphorylated MAP kinase p42 (p42). 



Identification of p42 as a MAP kinase 

Molecular mass and time kinetics of tyrosine phos- 
phorylation of p42 in NGF-treated sympathetic neu- 
rons led us to the suggestion that p42 might belong to 
the family of MAP kinases. Further evidence for this 
hypothesis was obtained by the fact that, after removal 
of anti-phosphotyrosine monoclonal antibody from the 
immunoblot, reprobing with an antiserum directed 
against the MAP kinases extracellular signal-regulated 
kinase (ERK) l and ERK2 revealed a band -with a 
molecular mass of 42 kDa (data not shown). To prove 
that p42 indeed belongs to the family of MAP kinases, 
we used a gel shift assay that discriminates between 
phosphorylated and unphosphorylated forms of the 
protein. 

Proteins in lysates from-untreated and NGF-treated 
chick sympathetic neurons were blotted from large 
SDS-polyacrylamide gels with low cross-linker, and 
blots were incubated with anti-MAPK- antiserum. As 
can be seen in Fig. 7 A, this antiserum detected a single 
protein species in untreated cells. Stimulation of sym- 
pathetic neurons with NGF for 3 min resulted in a 
shift of part of the MAP kinase to a higher apparent 
molecular mass (see Fig. 7A). Stimulation with NGF 
for 10 min was accompanied by a shift of most of the 
MAP kinase, whereas treatment with NGF for 30 min 
led to an increase in the amount of the unshifted form 
of MAP kinase. Preincubation of NGF-stimulated sym- 
pathetic neurons with K252a resulted in the appearance 
of the unshifted form of MAP kinase (see Fig. 7A). 

To verify that the shifted species of MAP kinase 
was indeed tyrosine-phosphorylated, the blot was 
stripped and reincubated with anti-phosphotyrosine 
monoclonal antibody. As can be seen in Fig. 7B, only 
the shifted form of MAP kinase was stained with anti- 
phosphotyrosine monoclonal antibody, demonstrating 



that NGF treatment of sympathetic neurons resulted in 
a tyrosine-phosphorylated form of MAP kinase. 

Other tyrosine-phosphorylated proteins 

Several other tyrosine-phosphorylated proteins 
could be detected in unstimulated sympathetic and 
DRG sensory neurons. As expected, tyrosine phos- 
phorylation of these proteins was not prevented by 
preincubation of neurons with the trk inhibitor K252a 
(see Figs. 3 and 5). Preincubation of anti-phosphotyro- 
sine monoclonal antibody with phosphotyrosine inhir> 
ited the binding of the antibody to both basal ly arid 
NGF-stimulated tyrosine 7 phosphorylated proteins in 
sympathetic and DRG sensory neurons (data not 
shown ) . 

DISCUSSION 

Although sympathetic and DRG sensory. neurons de- 
rived from the chick PNS represent "classical*' NGF- 
responsive systems, only limited information is avail- 
able on the mechanism of NGF-mediated signal trans- 
duction beyond, the _trk receptor activation (JBorasio et 
ah, 1993; Clary et al., 1094). Specifically, the intracel- 
Mar. signaling cascade leading to neuronal survival js 
virtually unknown. As we have demonstrated pre- 
viously, DRG sensory neurons are absolutely depen- 
dent on p21ras activity: Intracellular application ofac- 
tivated pZiras replaces the NGF requirement for 
survival (Borasio et ah, 1989), and, conversely, intra- 
cellular application of function-blocking anti-p21ras 
Fab fragments inhibits the NGF signal pathway for 
survival (Borasio et al., 1993). Consistently, activation 
of p21ras by NGF has been shown recently in chick 
DRG sensory neurons (Ng and Shooter, 1993). .How- 
ever, no effect of activated p21ras was found in chick 
sympathetic neurons, and, correspondingly, the anti- 
p21ras Fab fragments could influence neither neurite 
outgrowth nor survival induced by NGF (Borasio et 
al., 1993). Accordingly, we present evidence here that 
the time-resolved tyrosine phosphorylation pattern- of 
proteins is distinctly different between both neural 
crest-derived neuronal subtypes at a branchpoint 
downstream the pl40trk receptor. 

The action of NGF initiated by the aggregation of 
the pl40trk receptor is followed by rapid cross-phos- 
phorylation at defined tyrosine residues of the intracel- 
lular domain (Obermeier et al M 1994; Stephens et ah, 
1994). Here, maximal tyrosine phosphorylation of 
p!40trk can be observed after treatment of sympathetic 
neurons with NGF for 1 min. In sympathetic neurons 
tyrosine phosphorylation persisted for up to 30 min, 
the longest interval measured. Consistently, it has been 
shown recently that persistent trkA receptor aggrega- 
tion by antibodies against the extracellular portion of 
trkA is sufficient to cause its autophosphorylation lead- 
ing to neurite outgrowth and survival (Clary et ah, 
1994). Moreover, in trkA tyrosine kinase mouse gene 
knock-out mutants the sympathetic ganglia were strik- 
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ingly affected (Smeyne et al, 1994), demonstrating 
that the tyrosine kinase activity of trkA is essential for 
survival. 

Downstream to the activation of p l40trk receptor^ 
NGF induces the rapid and persistent tyrosine phos- 
phorylation of an as yet uncharacterized protein, pi 05, . 
selectively in chick sympathetic neurons. Tyrosine 
phosphorylation of pi 05 can be detected already 30 s ; 
after treatment with NGF (data not shown), indicating 
that this is an early step of NGF-induced signal trans-- , 
duction. However, activated pl40trk 'and tyrosine- 
phosphorylated pi 05 may probably not interact 4}f;i\ 
rectly because pp 105 is not coprecipitated when using 
anti-trk antibodies ( see Fig. I ) . 

Tyrosine-phosphorylated pi 05 undergoes a time^de- 
pendent progressive shift to higher apparent molecular 
masses after treatment of sympathetic neurons with * 
NGF. Blots from enlarged SDS-polyacryl amide gels 
using low cross-linker indicate the presence of multiple . 
species of pp!05 (data not shown). Most likely, tyro- 
si ne-phosphory lated pi 05 is subjected to additional 
posttranslational modifications. 

In contrast to sympathetic neurons, NGF-stimulated 
tyrosine phosphorylation of pl05 is transient in DRG 
sensory neurons, showing a profound difference be- 
tween both subtypes of neurons. As has been demon- . 
strated previously, NGF induces the activation of 
p21ras in DRG sensory neurons (Ng and Shooter, 
1993). The activation of p2 Iras has been shown in 
many systems to initiate a cascade of protein phosphor-, 
ylation events, leading finally to the activation of MAP 
kinases. Consistent with this idea, NGF stimulates the . 
rapid tyrosine phosphorylation of a single form of 
MAP kinase (p42) in both chick sympathetic and DRG 
sensory neurons. We have identified this protein as/ 
a MAP kinase using an anti-MAP kinase antiserum 
directed against the mammalian ERK1 and ERK2 pro ; . 
teins. \ 

Unlike NGF-stimulated tyrosine phosphorylation of 
pl05, similarities exist between sympathetic and DRG 
sensory neurons with respect to the onset of tyrosine- 
phosphorylation of MAP kinase p42. Whereas in both 
subtypes of neurons tyrosine phosphorylation of MAP 
kinase p42 is induced after treatment with NGF for 3 
min, the decrease in tyrosine phosphorylation is differ^ 
entially regulated in these systems. In sympathetic neu- 
rons maximal tyrosine phosphorylation of MAP kinase 
p42 can be observed after treatment with NGF for 10^ 
30 min, whereas in DRG sensory neurons maximal 
tyrosine phosphorylation of MAP kinase p42 is more 
long-lasting and decreases after, stimulation with NGF 
for 1 h. The difference in the time course of NGF- 
stimulated tyrosine phosphorylation of MAP kinase 
p42 between sympathetic and DRG sensory neurons 
may be explained by either a different strength of sigr 
nal input or different inactivation of tyrosine-phos- 
phorylated MAP kinase p42 by tyrosine phospha- 
tase^) (Nebreda, 1994). 

Using the gel shift assay for detection of phosphory- 



lated proteins, we observed that the tyrosine-phosphor- 
ylated form of MAP kinase p42 shifts to a higher ap- 
parent molecular mass after treatment of sympathetic 
neurons with NGF. Because it has been; shown that the 
more slowly migrating form of MAP kinase ERK2 
corresponds to the activated phosphorylated, species 
(Leevers and.Marshall, 1992), we can estimate from 
our blots the percentage of MAP kinase that becomes 
activated by NGF. Treatment of sympathetic neurons 
for 10 min with 10 ng/ml of NGF activates -90% of 
the MAP kinase p42, whereas only a smaller fraction 
of MAP kinase is activated after stimulation with NGF 
for 3 or 30 min. 

As was recently shown, not only the function of 
p21ras but also the activity of MEK1 is essential for 
NGF-stimulated neurite outgrowth in PC 12 cells- 
(Cowley et al., 1994). However, because in sympa- 
thetic neurons p2 Iras activity does not influence sur- 
vival (Borasio et al.,, 1993), its downstream effects are 
not necessarily coupled to prevent apoptosis; Thus, it js 
not surprising that the time course of NGF-stimulated 
tyrosine phosphorylation of MAP kinase p42 is differ- 
ent between chick DRG sensory and sympathetic neu- 
rons. It is unclear at the moment whether MAP kinase 
p42 is activated, via a p21ras^independent pathwayin 
chick sympathetic neurons. As was shown earlier,- acti; 
vation of p21ras is necessary for NGF-stimulated surr 
vival and -neurite outgrowth of chick DRG sensory 
neurons but not sympathetic neurons. Our data provide 
evidence that in DRG sensory neurons NGF signal 
transduction proceeds via the activation of. p2 Iras and 
subsequently MAP kinase p42. 

In addition to the neurotrophins NGF and neuro- 
trophin-3, survival of chick sympathetic neurons can 
be induced by treatment with ciliary neurotrophic fac- 
tor (Barbin et al., 1984; Ernsberger et al., 1989 ), a high 
K + concentration (Wakade et al., 1983), or forskolin, 
(Wakade et al., 1990). It is interesting that treatment 
with these agents does not stimulate the tyrosine phos^ 
phorylation of pi 05, whereas neurotrophin-3 does so 
(data not shown). Our results support the working 
hypothesis that variant signal pathways may exist for 
survival in sympathetic neurons and suggest that tyro- 
sine phosphorylation of pl05 is only involved in stimu- 
lation of survival via the neurotrophins NGF and neu- 
rotrophin-3. 

Rat pheochromocytoma PCI 2 cells (Greene arid 
Tischler, 1976) are commonly used as a model system 
for sympathetic neurons. Our study indicates that sev- 
eral differences exist in NGF-stimulated tyrosine phosr 
phorylation of proteins between chick sympathetic 
neurons and transformed PCI 2 cells: 

a. In chick sympathetic neurons maximal tyrosine 
phosphorylation of p!40trk can be observed within. I 
min after treatment with NGF and persists for up to 
30 min. This time course is different from that ob- 
served for PC 12 cells, where maximal tyrosine phos- 
phorylation of p!40trk was reported to occur after 
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treatment with NGF for 5 min and decreased thereafter 
(Kaplan et al., 1991). 

b. In contrast to PC 12 cells, where NGF induces 
the tyrosine phosphorylation of many proteins ( Maher, 
1988; Miyasaka et al„ 1991; authors' unpublished 
data) , NGF stimulates the rapid and reproducible tyro- 
sine phosphorylation of two proteins in chick sympa- j 
thetic and DRG sensory neurons. The observed differ- 
ence in the number of tyrosine-phosphorylated proteins 
between NGF-treated primary neurons and PC 1 2 cells 
may be due to the fact that PC 12 cells are transformed 
and that^ these proteins may therefore be involved in 
signal transduction leading to mitosis. 

c. In contrast to PC 1 2 cells, where three types , of > 
MAP kinase (p43erkl , p41erk2, and p45erk4) become- . 
tyrosine-phosphorylated after treatment with NGF 
(Boulton et a)., 1991; Ann et al„ 1992; Lloyd and 
Wooten, 1992), NGF stimulates the rapid tyrosine 
phosphorylation of a single form of MAP kinase (p42) 

in chick sympathetic and DRG sensory neurons. 

Our results provide evidence that NGF signal trans- 
duction in primary neurons and. transformed cells, of 
neuronal origin is different at several steps. Because, 
transformation and indefinite division of PC 12 cells 
are in contrast to characteristics of postmitotic neurons, _, 
experiments with primary neurons 4 may result in more 
valuable information regarding NGF signal transduc- 
tion. 

In conclusion, determination of the time-resolved 
protein tyrosine phosphory 1 ation pattern shows that the 
signaling pathways of NGF diverge downstream the trie 
receptor level between sympathetic and DRG sensory 
neurons of the chick. We have used the chick sympa- 
thetic neurons as a model to establish p21 ras-indepen- 
dent neurotrophin signaling pathways. The rapid and 5 
persistent tyrosine phosphorylation of a protein p]05 
with unknown biochemical function may imply that it 
plays an important role in this p2 Iras-independent 
NGF signaling pathway. 
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Abstract 

Using in situ hybridization histochemistry and iiranunohistochemistry, the present study examines the cooperative regulation 
of transcription of molecules involved in the Ras-signal and the cAMP dependent protein kinase (PKA) pathways during 
peripheral nerve regeneration in rats. Injury to hypoglossal motor neurons resulted in an increase in extracellular regulated 
kinase (ERK, or MAP kinase) and ERK kinase (MEK, or MAP kinase kinase) mRNAs, but in a decrease in the expression of the 
catalytic subunits of PKA (Ca and Cp) mRNAs. These results show the importance of the Ras-signal pathway in the nerve 
regeneration process and extend recent observation which suggested a cross-talk between the Ras and PKA pathways in vitro.. 
The downTregulation of PKA may facilitate the activation of the Ras pathway which is located downstream of the growth factor 
receptor. The present study may suggest a possibility of regulatory talk between these two major signal transduction pathways. 

Keywords: MAP kinase; ERK; MEK; PKA; MAPKK; Axotomy; Injury 



1. Introduction 

Recently the possibility of cross-talk between the 
two major signal transduction pathways namely, the 
Ras and cAMP dependent protein kinase (PKA) path- 
ways, has been demonstrated in some mammalian cell 
lines [7,10,16,38,45], The Ras pathway is a downstream 
effector pathway following growth factor receptor acti- 
vation [13]. A receptor tyrosine kinase, which is com- 
mon among the growth factor (receptors, conveys infor- 
mation from the extracellular signal mediator to the 
extracellular signal regulated kinase (ERK or MAP 
kinase) through Grb2-SOS, Ras-GTP, Raf-1 and MAP 
kinase kinase (MAPKK or MEK) cascade to transcrip- 
tion factors [31,39,44]. Among implicated cross-talk 
points, inhibition of Raf-1 by PKA could be a major 
element. In addition, phosphorylation of Rap and SOS 
by PKA has also been suggested to inhibit Ras signal 
transduction [7,10,1638,45]. 

Recently we have focused our attention on the ex- 
pression of genes associated with nerve regeneration in 
particular the cytoplasmic membrane associated en- 
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zymes phospholipase C (PLC), PKC isozymes and 
phosphatidylinositol kinase isozymes (PI3K and PI4K). 
We have reported previously the regulation character- 
istics of PLC isozymes [34]; the down-regulation of. 
PLC/3 and PI4K mRNAs following nerve injury sug- 
gested that the signal transduction pathway involving a 
G-linked receptor was perturbed following damage. 
However, expression of PLCa, whose structure is dif- 
ferent from the other PLC isozymes, was up-regulatedl, 
whilst expression of PLCy and PI3K were unaffected. 
As PLC y and PI3K are associated the receptor tyro- 
sine kinase, we then expected an importance of re- 
maining major pathway downstream of the receptor 
tyrosine kinase namely, the Ras-pathway to see whether 
it is activated or not following peripheral nerve injury. 
In addition, we also examined the expression of the 
PKA genes, catalytic subunits of PKA (PKAC) and 
regulatory subunits of PKA (PKAR), to determine how 
these are influenced by damage and regeneration, as 
the PKA could influence the Ras-signal pathway. A 
PKA molecule consists of two catalytic (C) and two 
regulatory (R) subunits. When the catalytic subunits 
are bound to the regulatory summit, the enzyme is 
silent, whereas cAMP can dissociate the C and R 
subunits 1 complex and activate the enzyme [37]. Fur- 
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.Fig. 2. Expression of ERKl raRNA in the hypoglossal nucleus 1 day (A), 7 days (B), and 56 days (O after unilateral hypoglossal nerve reseftioh 
(right side), and 1 (D), 7 (E), and 28 (F) days after nerve crush (right side). 4V, fourth ventricle; 10, dorsal nucleus of vagus nerve; 12, hypo^saU 
'nucleus. Bar — 200 jim. .'"/> 



~" thermore, PKA can be classified into two subsets (type forms (a and 0) of each R subunit have been cloned; 
A and type II) according to structural difference of and also two isoforms of C subunits (a and 0)Jare 
regulatory subunits (RI and RII). So far two distinct known to be expressed in the brain. Thus, at least^two 



Fig. 1. Histological control experiment demonstrating the specificity of the ERKl probe and photomicrographs showing mRNA for ERKl, ERK2 
"and ERK3. A series of three adjacent sections were obtained from unilaterally resected animals 3 days after surgery (right side is the resecte^ 
side). A: is derived from pre-RNase A treatment; and B: shows the results of the competition test derived from hybridization with an excess 
amount of unlabeled probe. C: shows the normal reaction. D: shows bright-field photomicrographs of ERKl mRNA in the ipsilateral hypoglossal 
nucleus 7 days after axotomy. Sections are counterstained with thionin. E,F: show dark-field photomicrographs for ERK2 (E) and ERJG(F) 
mRNAs, 3 days after unilateral resection. 4V, fourth ventricle; 10, dorsal nucleus of vagus; 12, hypoglossal nucleus. Bar - 200 (A,B,C ( E,F); 
Bar - 30 fim (D). 
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C subunits (Ca and Cj3) and four R subunits (RIa, 
RI0, Rlla, and RII0) are thought to exist in the brain 
[8]. In the present study we examined the regulation of 
gene transcription in all these six subunits (Ca, C/3, 
RIa, RI/3, Rlla, and RII0) after hypoglossal nerve 
axotomy. 



2. Materials and methods 

2.1. Animals 

Male Wistar rats weighing about 100 g were anesthetized with ; 
pentobarbital (45 mg/kg), positioned supine and their right hy v 
poglossal nerve carefully exposed. The nerve was then either crushed 
with a pair of fine forceps for 30 s or resected with a pair of scissors 
and the distal nerve segment (5 mm) removed. . 

2.2. In situ hybridization 

Animals were decapitated at 1, 3, 5, 7,14, 21, 35, 49, and 56 days 
after surgery. Their brains -were removed quickly and frozen in. 
powdered dry-ice. Twenty micrometer thick sections were cut on a 
cryostat, thaw-mounted onto 3-arninopropyltriethoxysilane coated 
slides, and stored at -80°C until used. Sections were fixed in 4% 
paraformaldehyde in 0.1 M phosphate buffer for 15 min at room 
temperature, rinsed three times in ixSSC, acetylated in freshly 
made 100 mM triethanolamine. pH 7, 0.25% acetic anhydride , and: 
then dehydrated in a graded ethanol series. Sections were treated 
with chloroform for 10 min to remove fat from tissue, and immersed 
in 100% ethanol twice before hybridization. Hybridization was car- 
ried out at 42°C overnight. The composition of the hybridization 
buffer was as follows: 50% deionized fbrmamide, 4 x Naa-sodiuni 
citrate buffer, 1 x Denhardt's solution, 0.12 M phosphate buffer (pH 
7.2), 2.5% tRNA, 10% dextran sulfate, 50 mM dithiothreitol and 
labeled probes (6-9 x 10 s dpm/ml). Hybridized sections were rinsed 
briefly in 1XSSC to remove hybridization mixture at room tempera- 
ture, and washed in 1 XSSC at 60°C Sections were then dehydrated 
in a graded series of ethanol and air-dried prior to exposure to 
autoradiography film cassette for 1 week, whereafter sections were 
dipped in Ilford K-5 photoemulsion (Ilford, UK) diluted 6:4 in water. 
Sections were then exposed for 7 weeks at 4°C, developed in Kodak 
D19 developer, counterstained with thionin, dehydrated in a graded 
series of ethanol to xylene, and covershipped before microscopic 
observation. 

2.3. Oligonucleotides 

The oligonucleotide probes for ERK1, ERK2 and ERK3 were 
synthesized complementary to bases (ERK1: 862-903, ERK2: 557- 
597, ERK3: 1086-1127) of the rat ERKl.2,3 cDNAs [4-6] and (Ca, 
151-190; C^, 158-196; RIa, 280-327; RI0, 32-79; Rlla, 1131-1 178; 
RI10, 1341-1380) for rat PKA subunits [20,24,27,28,35,36,43]. These 
probes were labelled with (a- 35 S)dATP using terminal deoxynu- 
cleotidyl transferase, giving a specific activity of 23-28 MBq/rag. 
Specificity of the ERK1 hybridization signals was confirmed as 
follows: (1) no appreciable hybridization signal was detected in a' 
competition experiment involving prehybridization of sections with 
100-fold unlabelled probe; (2) prior to in situ hybridization, sections 
were incubated for 1 h at 37°C with a buffer containing 10 mM 
Tris-HCl (pH 7.5), 1 mM EDTA and pancreatic RNase A (10 
mg/ml, Sigma). No hybridization signal was detected under such 
conditions (Fig. 1). Specificity against PKA RIa, RI0 and Rlla 
subunit hybridization signals have already been examined in other 
reports [27]. The sequences of specific probes to RII0. Ca, C/J 



mRNAs were carefully chosen to rule out the possibility of cross-re- 
action against mRNAs presently identified for other proteins using 
computer analysis. 

2.4. Relative quantification of ERK1 mRNA 

The number of grains resulting from in situ hybridization was - 
counted by image analysis. The relative area occupied by autoradio- 
graphic grains in the hypoglossal nuclei was measured bilaterally ton 
the X-ray film using a- computerized image analysis system (MQD; 
Image Res. Inc., Ontario, Canada). In the same section, we calcu- 
lated the difference in the optical density between the right (ipsir 
lateral side) and the left (contralateral side) hypoglossal nuclei. For 
statistical analysis, at least four sections from three rats per time 
point were studied during same post operative interval. The f-test 
was done when necessary. 

2.5. Immunohistochemistry 

Animals were. perfused 1, 2, 3, 5, .7, 14 days postoperatively with 
saline followed by 4% paraformaldehyde containing 14% of a satu^ 
rated picric acid solution in phosphate buffer. Brains were postfixed 
in the same fixative for 1-2 days,, and then immersed in phosphate 
buffered saline : (PBS) containing 20% sucrose, before being scc : 
tioned (20 jim) on a cryostat. Sections were processed with a 
Vectastain ABC kit (Vector, USA). The primary antisera against 
ERK1 and MEK1 were obtained from Santa Cruz (California, USA) 
and UBI (NY, USA), and used at a dilution of 1:1000 and 1:2000, 
respectively. After overnight incubation in the diluted antisera, ,sec^ 
tions were then incubated in biptinylated anti rabbit immunoglobulin 
G followed by an avidin : biotin-horseradish peroxidase complex and 
rinsed after both incubations in 0.02 M phosphate buffer and finally 
reacted with 3,3'-diaminobenzidine tetrahydrochloride and hydrogen 
peroxide to reveal a brown reaction product. 



3. Results 

3.1. ERKs 

ERK2 and ERK3 mRNAs were not changed follow- 
ing hypoglossal nerve injury, while only ERK1 mRNA 




Fig. 3. Changes in ERK1 mRNA levels after hypoglossal nerve 
resection (open square) and nerve crush (black square). Each point 
shows the average and standard deviation of the relative signal 
increases seen in the ipsilateral nucleus when compared to the 
contralateral side. 
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Fig. 4. Bright-field photomicrographs showing ERKl-like immunoreactivity in the hypoglossal nucleus unilaterally operated (right is the operated 
side) 2 days (A) and 3 days (B) after hypoglossal nerve resection. C: shows higher magnification of the ipsilateral hypoglossal nucleus 3 days after 
operation. 4V, fourth ventricle. Bar = 120 /im (A,B); Bar— 27 fim (C). 
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Table 1 



Expression profile of.MEKl, ERK1, PKA-Cor and PKA-C£ after the motor nerve resection 




1 day 


2 days 


3 days 


5 days 


7 days 


14 days 


28 days 


35 days 


MEK1 


+ /- 
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+ + 


,f + 


+ + 


+ + 


' + 


+ 


ERK1 
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+■+ + 


+ + + 


+ + + 


+ + + 


+ + 


ERKl(mRNA) 




+ 


+ + 


+ + 


+ + + 


+ + + 


+ + + 




PKACof(mRNA) 


■ +■+ + 


nd 


+ 




+ 


+ 


+ + . 


+ + + f 


PKACa(mRNA) 


+ + + 


nd 






+ 


+ 


+ + 


+ + + 



The number of + indicatesthe extent of MEK1, ERK1, PKA Ca and Cp mRNA expression on ipsilateral hypoglossal nucleus, compared with 
background level. - shows that the mRNA level is almost the background level, nd, not determined. 



was found to be up-regulated in the hypoglossal motor 
neurons but not in glia (Figs. 1 and 2). ERK1 mRNA 
transiently increased after both nerve resection and 
crush. The increase in ERK1 hybridization signal was 
detected initially in the ipsilateral hypoglossal nucleus 
2 days after either surgical procedure, however, the 
intensity of the hybridization signal markedly increased 
to a peak level during the following 3 days and per- 
sisted at this level for 14 days for the resection rats and 
7 days for ,the ; nerve crushed rats. Thereafter, the. 
hybridization signal gradually decreased until control - 
levels were reached during the following 6 weeks for 
the resection group and 3 weeks for the nerve crush 
group (Figs. 2 and 3). The increase in ERK1 mRNA - 
was greater following nerve resection (Fig, 3). A similar' 
expression profile was seen for ERK1 protein; the 
increase in ERK1 mRNA was paralleled by an increase; 
in ERK1 like immunoreactivity (Fig. 4). The increase- 
in ERKl-like immunoreactivity was first detected in 
injured motoneurons 3 days after surgery; that is one 
day after the initial increase in ERK1 rriRNA (Table , 
1). While ERK has been detected previously in both 
the cytoplasm and nucleus in some cell lines, in this 
study ERK1 was observed mainly in the cytoplasm 
after nerve injury. 

3.2. MEK 

MEK is a kinase which is located upstream of ERK 
in the Ras signal transduction cascade. Expression of 
this molecule after nerve injury was examined by im- 
munohistochemistry. An increase in the intensity of 
MEK-like immunoreactivity was detected in the ipsilat- 
eral motoneurons 2 days after nerve transection (Fig. 
5). Appearance of MEK immunoreactivity was de^ 
tected one day earlier than the downstream protein, 
ERK (Table IX The quicker increase of MEK im- 
munoreactivity than ERK-1 immunoreactivity is proba- 
bly reasonable for the facilitation of the signal cascade, . 
and also implies that MEK up-regulation was not due 
to the up-regulation of ERK which can phosphorylate 
MEK. 



3.3. PKA 

In the hypoglossal nucleus of normal rats, the PKA 
Ca and C/3 subunit mRNAs are expressed in abun- 
dance, while a moderate level of RIa, /3 and Rlla, j3 
subuhit mRNAs are detected. After resection of the 
hypoglossal nerve, no dramatic change was seen for 
either of PKA regulatory subunits; rather a slight in- 
crease in the Rlla and RII0 subunit mRNAs was, 
observed in the ipsilateral hypoglossal motor neurons, 
and expression of RIa and RI/3 remained unchanged 
following nerve injury. In contrast, a marked decrease 
in Ca and C@ mRNAs was observed (Fig. 6). The 
decrease in these mRNAs was detected initially 3 days 
after surgery, with a plateau being reached about 5-7 
days after the operation. Recovery of Ca and C0 
mRNA levels to control levels was seen 4-5 weeks; 
after the operation. The duration of Ca and C0 
down-regulation was shorter than that observed for 
ERK and MEK. The time of on-set of this decreased 
gene expression was similar to that of ERK1. 



4. Discussion 

The present study demonstrates that during hy- 
poglossal nerve regeneration, ERK1 mRNA and im- 
munoreactivity, which is a pivotal enzyme in the Ras- 
signal pathway, are up-regulated. Further, an earlier, 
up-regulation of MEK, which is a ERK regulating 
enzyme, was also found. It is feasible to expect that the : 
up-regulation of this pathway is important for periph- 
eral nerve regeneration which can be effected by some 
growth factors. In addition, the down-regulation of the 
PKA system may facilitate the up-regulation of MEK 
and ERK activity. 

Several lines of studies have reported the up-regu- 
lation of ERK activity after stimulation of various 
kinds of growth factors [1,2,4-6,9,15,21,26,30,32,33,40, 
42]. Two kinds of activation profiles have been de- 
scribed among growth factors: the EGF type which 
shows an early transient up-regulation, and the 



Fig. 5. Bright-field photomicrographs showing MEK-like immunoreactivity in the hypoglossal nucleus 1 day (A), 2 days (B), and 3 days (C) 
hypoglossal nerve resection (right hand side is the operated side). 4V t fourth ventricle. Bar = 120 /im. 
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Fig. 6. Dark-field photomicrographs showing mRNA for Ca and C/3 subunit of PKA in hypoglossal nucleus 3 days (A,C). 28 days (D) and 35 : 
days (B) after axotomy. Both Ca and C0 mRNA levels in the ipsilateral side (right) decrease 3 days after operation, and recover to the normal > 
level around 28 days (crush, D) and 35 days (resection B) after operation, cc; central canal. 



NGF/FGF type which shows biphasic activation com- 
prising of an early and a late component [9,15,21,29, 
30,33]. The late component is supposed to be due to 
newly synthesized protein. Therefore, the NGF/FGF 
type of growth factors may promote ERK transcription. 
Indeed, cranial and spinal motor neurons express nu- 
merous growth factor receptors including FGFR1 (fig, 
FGF receptor), TrkB (high affinity BDNF receptor), 
p75 ngfr {low a ff in ity component of NGF/BDNF/ 
NT-3) [12,14,19,22,41]. Among these receptors, Trk B 
and p75 NGFR have been demonstrated to be up-regu- 
lated after nerve injury. As for TrkB, this receptor is 
known to have two distinct forms, one is so-called the 
truncated type which does not have an intracellular 
tyrosine kinase domain, and the other is the non-trun- 
cated type which contains full length of the molecules 
including the tyrosine kinase domain. Interestingly, 
transcription of the truncated type of the receptor was 
down-reguiated after motor nerve injury, whereas ex- 
pression of the non-truncated type of the receptor was 
up-regulated [14]. This opposing regulation of TrkB 
can lead to an increase in the strength of the signal 
transduction pathway initiated by activation of the TrkB 



receptor by BDNF. As for the growth factors them-* 
selves, up-regulation of the synthesis of NGF and. 
BDNF has been shown in lesioned motoneurons; 
and/or Schwann cells [11,17,18,22]. Furthermore, ex- 
ogenous application of BDNF to motor nerve lesion 
increased the survival of the motor neurons [19,23]: ; 
Taking these evidence into account, it is likely thai : 
BDNF is probably released from both the injured*;, 
motor neurons and surrounding Schwann cells, binds 
to its receptor (non-truncated TrkB) in an autocrine ; 
manner and up-regulates the transcription of MEK 
and ERK to accelerate the following Ras signaling / 
pathway. This series of events involving growth factors, 
■their receptors and intracellular signaling molecules 
along the Ras signal transduction pathway, might be 
crucial in facilitating neuronal regeneration. 

In addition to growth factors, some factors from 
other signal pathways have been suggested to activate 
ERK, for example G protein coupled PLC. Recent 
studies by Meloche et al. and L'Allemain et al. 
[25,29,30] reported that pertussis toxin inhibited the 
a-thrombin induced activation of both ERK1 (p44 mapk ) 
and ERK2 (p42 mapk ). a-Thrombin is known to activate 
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PLC by interacting with pertussis toxin-sensitive and 
-insensitive G proteins and to inhibit adenyiyl cyclase 
through pertussis toxin-sensitive Gi proteins [42]. This 
suggests that the activation of the adenyiyl cyclase may 
lead to an inhibition of ERK1 probably via activatipn 
of a PKA, as recent .reports have suggested that the 
implied and the PKA pathways may cross-talk. PKA 
has been shown to inhibit Raf-1 activity which is lo- 
cated up-stream of the :MEK. In addition, PKA was 
also shown to phosphorylate SOS and Rap. The phosr 
phorylation of SOS inhibits the signal pathway between 
Grb2 and Ras-GTPi while Rap phosphorylation causes 
a competition between Ras-GTP and Rap-GTP leadv 
ing to inhibition of Raf-1 activation which is adjacent , 
to Ras-GTP in the Ras pathway [3]. At all junctures in 
the pathway, PKA seems to have an inhibitory influ- 
ence on the various components of the Ras^signal 
pathway. The results detailed above were derived from 
in vitro studies using selective mammalian cell lines, 
and so the functional significance of these interactions 
in vivo has been unknown. In the present study, we 
have suggested that the down-regulation of the PKA 
catalytic subunits (Ca and C/3) possibly disinhibited 
the PKA inhibition of Ras-signal pathway leading to ^:a 
facilitation of the Ras-signal pathway. Therefore, fat 
least some of the molecules involved in these two 
major signal pathways are thought to be regulated 
cooperatively during the peripheral nerve regeneration 
process. These findings may suggest that linkage be- 
tween the Ras-signal pathway and the PKA pathway is 
of importance for the facilitation of the Ras-signaling 
pathway during nerve regeneration. 
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